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RELATED APPEALS AND INTERFERENCES 



There are no related appeals and interferences. 

STATUS OF CLAIMS 

Claims 5, 6, 11, 12, 15, 19 and 21 stand finally rejected. 

The rejections of claims 5, 6, 1 1, 12, 15, 19 and 21 are herein appealed. 

STATUS OF AMENDMENTS 

There have been no amendments filed after the final rejection mailed June 9, 

2006. 

SUMMARY OF CLAIMED SUB JECT MATTER 

A concise explanation of the subject matter defined in each of the independent 
claims involved in the appeal is provided. 

Claim 5 is directed to a method of reading a set of data stored in a memory 
device. The claimed invention includes: causing a first optical beam to interfere with a 
second optical beam at a prescribed angle therebetween at a first selected hologram 
containing at least a segment of the set of data and having a discrete location and a 
corresponding address in the memory device, generating thereby an N th diffraction order 
wavefront; wherein the first and second optical beams are characterized by a wavelength, 
an optical path length and a state of polarization; sensing the N th diffraction order 
wavefront diffracted from the hologram; correlating the N th diffraction order wavefront 
with a correlation pattern which includes the set of data; where N is an integer; if a 
correlation peak occurs, deconvolving the N th diffraction order wavefront and the 
correlation pattern; reading the set of data corresponding to the selected hologram and 
contained in the deconvolved N th diffraction order wavefront; and, reading the set of data 
in the N th diffraction order wavefront for a second selected hologram by changing the 
wavelength of one optical beam with respect to the other. 

Claims 6, 11 and 12 are directed to additional embodiments of methods for 
reading a set of data stored in a memory device. 
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Claim 15 is directed to a data storage memory device. The memory device 
includes a plurality of recording media containing a set of holographically recorded data 
at discrete memory locations therein wherein each memory location is identified by a 
corresponding memory address; means for creating an interference pattern between two 
beams of light at a selected one of the discrete memory locations in the recording media, 
generating thereby an N th diffraction order wavefront; means for sensing the N th 
diffraction order wavefront emanating from the selected discrete memory location; means 
for reading the holographically stored data from the N th diffraction order wavefront; 
wherein the plurality of recording media comprise layered holograms and wherein the 
interference pattern exists over a dimension less than a thickness of the recording media 
along the direction of travel of the beams of light. 

Claims 19 and 21 are directed to additional embodiments of a data storage 
memory device. 

GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

Claims 5, 6, 11, 12, 15, 19 and 21 are rejected under 35 U.S.C. 112, first 
paragraph, as failing to comply with the enablement requirement. 

In the first Office Action, mailed October 5, 2005, the Examiner rejected claims 
1-4, 7-10, 13, 14, 1-18, 20 and 22. Claims 5, 6, 11, 12, 15, 19 and 21 were objected to, 
but considered allowable if rewritten. In response, claims 5, 6, 11, 12, 15 were rewritten 
according to the instructions of the Examiner. 

In the second Office Action, mailed January 24, 2006, claims 5, 6, 11,12, 15 were 
allowed. Claims 1-4, 7-10, 13-14, 16-18, 20 and 22 were rejected. Claims 19 and 21 
were objected to. In response, claims 1-4, 7-10, 13-14, 16-18, 20 and 22 were canceled. 
Claims 19 and 21 were rewritten according to the instructions of the Examiner. All 
pending claims were placed in condition for allowance. 

Another non-final Office Action was mailed on March 20, 2006. Claims 5, 6, 1 1, 
12, 15, 19 and 21 were rejected under 35 U.S.C. §112, first paragraph as failing to 
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comply with the enablement requirement. The Examiner generally asserted that the 
invention required "memory access media, which are not described in the specification to 
enable one skilled in the art to which it pertains to make and/or use the invention without 
undue experimentation." 

A final Office Action was mailed on June 9, 2006. The Examiner rejected the 
remaining pending claims under 35 U.S.C. §112, stating, among other things: 

"The memory access media are thus crucial to select the second 
selected hologram, but are not further described in the specification 
to enable one skilled in the art to which it pertains to make and/or 
use the invention without undue experimentation." (page 3, with 
regard to claim 5). 

"Regarding claims 6 and 12, the subject matter,.... similarly 
requires the memory access media, which are not described in the 
specification to enable one skilled in the art to which it pertains to 
make and/or use the invention without undue experimentation." 

The Examiner also alleged that claims 15, 19 and 21 required the "memory access 
media." 

ARGUMENT 
Introduction 

There are two issues for consideration in this appeal. First, there is a question as 
to whether the teachings are enabled without memory access media. Second of all, there 
is a question as to whether memory access media is described in the specification 
adequately enough to enable one skilled in the art to which it pertains to make and/or use 
the invention without undue experimentation. 

I. Are memory access media required ? 

Referring to the specification, in paragraph [0017] it is stated that "it will be 
understood that the memory address access media layer 106 can be made optically 
thin, or eliminated while maintaining discrete holographic recording media layers 104." 
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Further, in paragraph [0023], the specification provides that "the memory access 
media 106 causes a phase shift in the optical beams 110, 112 thereby causing an 
interference pattern to be created at the corresponding hologram 114 and the data 
contained therein to be read out." The specification, in the same paragraph goes on to 
state "Although specific methods have been described, it is understood that other means 
for creating an interference pattern at a particular location within the holographic 
recording media could be substituted to operate in a similar manner without departing 
from the scope of the invention. Alternate approaches causing the holographic 
recording to be read out may include matching the angular and wave shape content of 
the reference beam of the holographic recording." 

Claim 5 does not recite "memory access media." The method claim presented 
does not rely upon certain structural components for "changing the wavelength," as 
alleged by the Examiner. Claim 5 does not recite "memory access media" or "memory 
access material" (as called out by the Examiner). 

Claims 6, 11, 12, 15, 19 and 21 do not recite "memory access media." These 
claims recite other aspects of the disclosure to provide for reading a set of data. Contrary 
to the assertion of the Examiner (last paragraph of page 5 of the Office Action of 
6/29/2006), none of the claims are reliant upon "memory access media" to make and use 
the invention. 

It appears that the Examiner is asserting that it is not possible to make and use the 
invention without undue experimentation, if the content of the memory access media is 
truly unknown. This assertion fails to account for embodiments disclosed in paragraph 
[0017] (and depicted in Fig. 4). This assertion also fails to account for alternate 
approaches, such as those disclosed in paragraph [0023], which may include matching the 
angular and wave shape content of the reference beam of the holographic recording. 
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It is respectfully submitted that "memory access media" are not required to 
establish the enablement of claims 5, 6, 11, 12, 15, 19 and 21. Accordingly, it is 
considered that relying upon any perceived inadequacies regarding memory access media 
for rejection of these claims is improper. Reconsideration and withdrawal is respectfully 
requested. 

II. Is memory access media sufficiently described in the disclosure? 

Any analysis of whether a particular claim is supported by the disclosure in an 
application requires a determination of whether that disclosure, when filed, contained 
sufficient information regarding the subject matter of the claims as to enable one skilled 
in the pertinent art to make and use the claimed invention. The standard for determining 
whether the specification meets the enablement requirement was cast in the Supreme 
Court decision of Mineral Separation v. Hyde, 242 U.S. 261, 270 (1916) which postured 
the question: is the experimentation needed to practice the invention undue or 
unreasonable? That standard is still the one to be applied. In re Wands, 858 F.2d 731, 
737 5 8 USPQ2d 1400, 1404 (Fed. Cir. 1988). 

For the sake of argument, should it be considered that a description of memory 
access media is required, the following is provided. The following is not to be construed 
as an admission in that regard. 

Referring to the specification, aspects of the memory access media are defined. 
Reference may be had to paragraph [0027], which states, in part "The memory address 
access media 206 comprise materials which cause polarization retardation of an 
optical beam of a particular wavelength. It is known that cross polarized optical beams 
do not interfere. Thus, by controlling the polarization rotation of a pair of optical 
beams 210, 212, the interference thereof can be controlled to allow the holographic 
reading of a specific hologram 214." 
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The specification, in various places, such as paragraph [0017] and figures 1, 2, 3, 
6 and 10, provide for embodiments of the memory access media in layers. 

Materials in layer form that are suited for controlling polarization are well known. 
Reference may be had to U.S. Patent Nos.: 6,667,835, filed April 5, 2002; 6,657,690, 
filed December 2, 2001; 6,635,337 filed August 10, 2001; 6,096,375 filed February 16, 
1999; and 4,388,375 filed June 14, 1983. These patents all disclose various forms of 
polarizing films. Considerable information regarding the techniques for achieving the 
polarization is provided. These patents also make reference to numerous other related 
references describing materials for controlling polarization. 

It is respectfully submitted that the disclosure, when filed, contained sufficient 
information regarding the subject matter of the claims as to enable one skilled in the 
pertinent art to make and use the claimed invention, should one consider the claims to be 
reliant upon a definition for "memory access media." That is, it is respectfully submitted 
that "memory access media" are adequately described in the specification to provide 
enablement in support of claims 5, 6, 11, 12, 15, 19 and' 21. Accordingly, it is considered 
that relying upon any perceived inadequacies regarding memory access media for 
rejection of these claims is improper. Reconsideration and withdrawal is respectfully 
requested. 
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CONCLUSION 

Li view of the foregoing, it is urged that the final rejection of claims 5, 6, 11, 12, 
15, 19 and 21 be reversed. A Notice of Allowance is respectfully requested. 

If there are any charges with respect to this Appeal Brief or otherwise, please 
charge them to Deposit Account No. 07-0868 maintained by Applicants' attorneys. 



Date: ^M-^ r 



Respectfully submitted, 




Ira M. Turner 
Registration No. 53,887 
Confirmation No. 5283 
CANTOR COLBURN LLP 
55 Griffin Road South 
Bloomfield, CT 06002 
Telephone (860) 286-2929 
Facsimile (860)286-0115 
Customer No. 23413 
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CLAIM APPENDIX 



1-4 (Cancelled) 

5. (Previously presented) A method of reading a set of data stored in a memory device, 
the method comprising: 

causing a first optical beam to interfere with a second optical beam at a 
prescribed angle therebetween at a first selected hologram containing at least a 
segment of the set of data and having a discrete location and a corresponding 
address in the memory device, generating thereby an N th diffraction order 
wavefront; 

wherein the first and second optical beams are characterized by a 
wavelength, an optical path length and a state of polarization; 

sensing the N th diffraction order wavefront diffracted from the hologram; 

correlating the N th diffraction order wavefront with a correlation pattern 
which includes the set of data; where N is an integer; 

if a correlation peak occurs, deconvolving the N th diffraction order 
wavefront and the correlation pattern; 

reading the set of data corresponding to the selected hologram and 
contained in the deconvolved N th diffraction order wavefront; and, 

reading the set of data in the N th diffraction order wavefront for a second 
selected hologram by changing the wavelength of one optical beam with respect 
to the other. 
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6. (Previously presented) A method of reading a set of data stored in a memory device, 
the method comprising: 

causing a first optical beam to interfere with a second optical beam at a 
prescribed angle therebetween at a first selected hologram containing at least a 
segment of the set of data and having a discrete location and a corresponding 
address in the memory device, generating thereby an N th diffraction order 
wavefront; 

wherein the first and second optical beams are characterized by a 
wavelength, an optical path length and a state of polarization; 

sensing the N th diffraction order wavefront diffracted from the hologram; 
correlating the N th diffraction order wavefront with a correlation pattern which 
includes the set of data; where N is an integer; 

if a correlation peak occurs, deconvolving the N th diffraction order 
wavefront and the correlation pattern; 

reading the set of data corresponding to the selected hologram and 
contained in the deconvolved N th diffraction order wavefront; and, 

reading the set of data in the N th diffraction order wavefront for a second 
selected hologram by changing the state of polarization of one optical beam with 
respect to the other. 

7-10. (Canceled) 
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11. (Previously presented) A method of reading a set of data stored in a memory device, 
the method comprising: 

causing a first optical beam to interfere with a second optical beam at a 
prescribed angle therebetween at a hologram having a discrete location and 
corresponding address in the memory device generating thereby a interference 
pattern; 

wherein the first and second optical beams are characterized by a 
wavelength, an optical path length and a state of polarization; 
sensing an N th diffraction order wavefront diffracted from the hologram; where N 
is an integer; 

wherein the N th diffraction order wavefront includes a correlation peak 
signal and the holographically stored data; 

correlating the holographically stored data and the correlation peak signal in the 
N th diffraction order wavefront; 

if a correlation peak occurs, deconvolving the holographically stored data 
and the correlation peak signal; 

reading the set of data in the deconvolved N th diffraction order wavefront; and, 

reading the set of data in the N th diffraction order wavefront for a second 
selected hologram by changing the wavelength of one optical beam with respect 
to the other. 
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12. (Previously presented) A method of reading a set of data stored in a memory device, 
the method comprising: 

causing a first optical beam to interfere with a second optical beam at a 
prescribed angle therebetween at a hologram having a discrete location and 
corresponding address in the memory device generating thereby a interference 
pattern; 

wherein the first and second optical beams are characterized by a 
wavelength, an optical path length and a state of polarization; 
sensing an N th diffraction order wavefront diffracted from the hologram; where N 
is an integer; 

wherein the N th diffraction order wavefront includes a correlation peak 
signal and the holographically stored data; 

correlating the holographically stored data and the correlation peak signal in the 
N th diffraction order wavefront; 

if a correlation peak occurs, deconvolving the holographically stored data 
and the correlation peak signal; 

reading the set of data in the deconvolved N th diffraction order wavefront; and, 

reading the set of data in the N th diffraction order wavefront for a second 
selected hologram by changing the state of polarization of one optical beam with 
respect to the other. 

13-14. (Canceled) 
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15. (Previously presented) A data storage memory device comprising: 

a plurality of recording media containing a set of holographically recorded 

data at discrete memory locations therein wherein each memory location is 

identified by a corresponding memory address; 

means for creating an interference pattern between two beams of light at a 

selected one of the discrete memory locations in the recording media, generating 

thereby an N th diffraction order wavefront; 

1 means for sensing the N th diffraction order wavefront emanating from the 

selected discrete memory location; 

means for reading the holographically stored data from the N th diffraction 

order wavefront; 

wherein the plurality of recording media comprise layered holograms and 
wherein the interference pattern exists over a dimension less than a thickness of 
the recording media along the direction of travel of the beams of light. 

16-18. (Canceled) 
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19. (Previously Presented) A data storage memory device comprising: 

a plurality of recording media containing a set of holographically recorded 
data at discrete memory locations therein wherein each memory location is 
identified by a corresponding memory address; 

means for creating an interference pattern between two beams of light at a 
selected one of the discrete memory locations in the recording media, generating 
thereby an N th diffraction order wavefront; wherein the means for creating an 
interference pattern between two beams of light comprises a coherent source of 
light; and wherein the two beams of light are crossed polarized with respect to one 
another and the means for creating an interference pattern comprises rotating at 
least one of the beams of light; 

means for sensing the N th diffraction order wavefront emanating from the 
selected discrete memory location; and 

means for reading the holographically stored data from the N th diffraction 
order wavefront. 

20. (Canceled) 
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21. (Previously Presented) A data storage memory device comprising: 

a plurality of recording media containing a set of holographically recorded 
data at discrete memory locations therein wherein each memory location is 
identified by a corresponding memory address; 

means for creating an interference pattern between two beams of light at a 
selected one of the discrete memory locations in the recording media, generating 
thereby an N th diffraction order wavefront; wherein the means for creating an 
interference pattern between two beams of light comprises a coherent source of 
light; and wherein the two beams of light are crossed polarized with respect to one 
another and the means for creating an interference pattern comprises rotating at 
least one of the beams of light; 

means for sensing the N th diffraction order wavefront emanating from the 
selected discrete memory location; and 

means for reading the holographically stored data from the N th diffraction 
order wavefront; 

wherein the plurality of recording access media which cause a change in 
phase of the two beams of light with respect to one another generating thereby 
non-cross polarized beams of light, 

22. (Canceled) 
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EVIDENCE APPENDIX 



Exemplary patents disclosing materials for controlling polarization are provided. 
These patents include: 

U.S. Patent Nos.: 
6,667,835, filed April 5, 2002; 
6,657,690, filed December 2, 2001; 
6,635,337, filed August 10, 2001; 
6,096,375, filed February 16, 1999; and 
4,388,375, filed June 14, 1983. 
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4 ,388*375 



[51] 
[52] 



[58] 



[56] 



[11] 4,388,375 
[45] Jun. 14, 1983. 



[54] POLYESTER BASED POLARIZER 

[75] Inventors: Michael J. Hopper, Taylors; Michael 
R. Martin, Greenville, both of S.C.; 
Lawrence Bolt, Van Nuys; Michael 
Smith, Thousand Oaks, both of 
Calif.; Aii Tavasolian, North 
Hollywood, Calif. 

[73] Assignee: American Hoechst Corporation, 
Somerville, NJ. 

[21] AppL No.: 324,507 

[22] Filed: 



Nov. 24, 1981 

Int. CU B32B 27/40; G02F 1/13 

US. CL — 428/423.7; 156/229; 

156/244.24; 156/272.2; 156/280; 350/337; 
350/397; 428/483; 428/520; 428/522 

Field of Search 428/515, 520, 483, 423.7, 

428/522; 264/1.3, 1.4, 40.1; 156/229, 244.24, 
272.2, 280; 350/337, 397 
References Cited 



U.S. PATENT DOCUMENTS 



2,237,567 
2,854.697 
2,896,262 
2,996,956 
3,058.393 
3,058,862 
3,254,561 



4/1941 
12/1954 
4/1954 
8/1961 
3/1 95S 
10/1962 
6/1966 



Land . 
Ryan . 
Herrmann . 
Ryan et al. . 
Ryan et al. . 

Miyahara et aL 

Makas 



428/515 
. 264/1.3 



3,265,777 
3,370,111 
3,459,839 
3,621,085 
3.627,579 
4,025,688 
4,072,779 
4,112,178 
4,190,418 
4,228,574 
4,230,768 
4,268,127 



7/1963 
9/1964 

10/1964 
3/1969 

U/1969 
5/1977 
2/1978 
9/1978 
2/1980 

10/1980 

10/1980 
5/1981 



Marks . 
Boone . 
Hutfles . 
Ichikawa . 
HetTelfmger . 

Nagy et al 

Knox et al. , 

Brown . 
Buzzell . 
Culley et at . 
Hamada et al. . 
Oshima et aL .. 



428/457 
428/483 



350/397 
350/337 



FOREIGN PATENT DOCUMENTS 
1134876 2/1967 United Kingdom . 
Primary Examiner-— Jerome W. Massie 
Attorney, Agent, or Firm— Richard S. Roberts 
[57] ABSTRACT 
A polarizer having increased hydrolytic stability is 
produced by impregnating a polyvinyl alcohol substrate 
with an iodine containing composition and then subject- 
ing the substrate to both concentrated infrared and 
ultraviolet radiation treatments sufficient to substan- 
tially increase the hydrolytic stability of the thusly 
formed polarizer. The polyvinyl alcohol film had been 
laminated to a polyester support with a dispersed, aque- 
ous composition of polyvinyl alcohol or polyurethane 
on its surface. 

16 Claims, No Drawings 
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POLYESTER BASED POLARIZER ^^tZ^C^ * ^ ^ 

BACKGROUND OF THE INVENTION ^. / J?*^^ tS^^i^^?^ 

The present invention relates to light polarizers or 5 c to 240* C. without stretching said web- and 
more particularly to light polarizers having increased (0 cooling said web to substantially ambient atmo- 

hydrolytic stability. sphe. ic room temperature; and atmo 
liif. ' i ^ N °u 4 ' 025 ^?. 8 teaches the manufacture of (g) adhering a polyvinyl alcohol film to at least a 

light polarizers by providing a film of polyvinyl alcohol portion of said polyester film coatinEand 
with a dichroic stain such as iodine. The polarizer may 10 (h) staining said polyvinyl alcohol film in * k«.i. „r 

. optionally be supported by a layer of cellulose acetate iodine containing comporftW^nd ° f " 

buty^te bonded to the polarizer tlu^ugh a hydrophilic (i) subjecting said polyvinyl* alcohol film to concen- 

efficiency, or ability to polarize light, decreases over ^ 

time as heat and humidity increases. This tendency is DETAILED DESCRIPTION OF THE 

disadvantageous for such uses as in liquid crystal dis- INVENTION AND DRAWINGS 

plays especially for automobile instruments which must Thenr^nfiWnt; rt n 

function in a wide range of heat and humidity condi- 20 ^iS^^J^^ provides a* improved polark- 
tions. * m & element navmg a clear, flexible, iimaxially oriented 

Czechoslovak Pat. No. 122,408 discloses a process ^ v ^ ter fiIm as a base substrate. The substrate exhibits 
for stabilizing polarizing film by exposure to radiation at , <jua«ty physical characteristics of conventional 

a wavelength of less than 400 nm for three hours polyester - trims- and exhibits the optically desirable qual- 

Russian Pat. No. 124,1 16 stretches a polyvinyl alco- 25 ! ty ° f hav * n S a °° to 6° extinction angle. A special coat- 
hoi film, heats it and then places the film into an iodized m ^ °? , e t P°l vester provides improved adhesion to 
solution containing hydrobromic acid and hydriodic P 01 ^ 1 ^ 1 alcohol films. 

acid with subsequent washing and drying. There is no ■ polarizing element is typically made from two to 
subsequent heating. three mil cast polyvinyl alcohol £PVA) film. This film is 

It has also been a problem in the art to produce a 30 ImearI y stretched 300 to 500% by means of pull rolls 
clear, thermoplastic film which is tough, chemically and a heat source such as an oven, hot air knife or hot 
resistant and which is useful for optically critical pur- ban In ■ its ■ stretched form the PVA film is joined for 
poses such as the production of polarizers. Biaxially example via lamination to a substrate such as the im- 
oriented polyester film, while it is clear and tough, has Proved uniaxially drawn and coated polyethylene tere- 
an optic axis plane angle which varies from point to 35 phthalate which will be described hereinafter, 
point across the web. This variation of orientation of the This laminate is then run through an iodine bath 

optic axis plane precludes the use of biaxially oriented where the iodine quickly diffuses into the PVA film and 
polyester film for most such optically critical applica- affixes to the thin, parallel molecules formed in the 
tlo T ns * , . stretching operation. Excess iodine is washed away and 

in the production of polarizing sheets, a film of a 40 stained film is passed through a boronic stabilizing 
substrate is laminated to a film of polyvinyl alcohol. solution typically comprising baric acid, which imparts 
i ms laminate is then passed through an aqueous stain- chemical and moisture resistance to the stained surface 
tng bath containing iodine and one or more iodine salts by cross-linking the PVA. Excess stabilizing solution is 
to tint the polyvinyl alcohol film. Stabilizing treatments washed off and the film is dried and coiled or sheeted 

^S 0 ^ V 45 t ™ e dry heat doeS not »PP*«**ly affect such po! 

ivttelnTS^ f T P rovides an '^proved hydro- lanzers, a combination of high heat and high humidity 

Z ti i i PO^zer with a tough, optically appreciably deteriorates the polarizing efficiency of the 

critical polyester substrate. Such improved substrate polarizer over time. cncyoitne 

^^Z^^'^^^^ ^ glC ' thUS making h 11 hES been found that I«y*oIytic stability can be 

rfigmy usetul tor polarizing applications, and at the 50 increased up to about 20 times by subjecting the formed 

ttn^ polarizer to both infrared and L ul^viofe, ^radiS 

vmyl alcohol film to which it is laminated. It also dem- treatment 

^proved thermal dimensional stability, an In the preferred embodiment, a two to three mil cast 

^content 0 bamer a ^ educed water and sol- polyvinyl alcohol Min is uniaxially stretched wMe 

content. 55 being heated so that the film is about 3 to 5 times its 

SUMMARY OF THE INVENTION original length. The polyvinyl alcohol film is then ad- 

rfwr,i pr0CCSS r hlch comprises: by passing the substrate ami the PVA film through The 

^extrudrngamovrngmoltenwebofpolyesterfilm; 60 nip of a set of roller while applying anadhesivSchS 

M „„„„i,; ' .u . water, polyvinyl alcohol or polvurethane between the 

^ (b) quenchmg the .moving web to solidify it in a sub- film and the substrate. 

(c"n iSSiS^ -i The flexib,e P 0 ^^ m ™ of P~» Mention 

sition of no ZilT* \J1 1 d,s P ere ^ aq u «>«s c°nipo- may be any flexible film formed from any thermplastic 

Z&ZS InZit or^ m J u *T ne to a ' ,cast a 65 - fi,m *r** poIyester u hich is *>y co " de «- 

■ fdY stretchfnt ?*! ™ ■ T ■ ■ ,ng a <*'carboxyiic ncid or a lower alfcvl diester thereof 

veS to the direcSon S v,\ d ' reCl '°" l . ,ranS - Wkh 3 g!yC ° L Am ° ng <«carboxylie acids and thrir 
erse to the direction of motion while heating the web lower alky! diesters which may be employed to form a 
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flexible polyester film support are terephthalic; iso- 
phthahc; phthalic; 2,5- 2,6-, and 2,7-naphthalene dicar- 
boxylic; succinic; sebacic; adipic; azelaic; bibenzoic; the 
hexahydrophthalics, and bis-p-carboxy-phenoxyethane. 
One or more of these adds and/or their lower alkyl 5 
diesters is reacted with one or more glycols which in- 
clude ethylene glycol; diethylene glycol; 1,3- 
propanediol; 1,4-butanedioI; neopentyl glycol or 1,4- 
cyclohexanedimethanol. Since one or more diesters 
may be reacted with one or more glycols, the polyester 10 
film of this invention is not limited to homopoly esters, 
but also includes mixed polyesters such as copolyesters! 

Of the film forming polyesters within the contempla- 
tion of this invention, preferred are those containing at 
least a major amount of polyethylene tereph thai ate, the 15 
most preferred being polyethylene tereph thalate. Poly- 
ethylene terephthalate film is formed from a polymer 
produced by polymerization of bis-(2-hydroxyethyl) 
terephthalate. Bis-(2-hydroxyethyl) terephthalate is 
itself formed as in intermediate by one of two different 20 
methods. One method for producing bis-(2-hydrox- 
yethyi) terephthalate is by direct esterification of ter- 
ephthalic acid with ethylene glycol as described in U.S. 
Pat. No. 3,050,533. In this method, the by-product of 
the reaction is water which is distilled from the reaction 25 
product. A second method for producing bis-(2-hydrox- 
yethyl) terephthalate is by transesterification of a dial- 
kyl ester of terephthalic acid, preferably dimethyl tere- 
phthalate, with ethylene glycol. Preferably, two molec- 
ular proportions of ethylene glycol react with one mo- 30 
Iecular proportion of the dialkyl terephthalate. More 
preferably, more than two molecular proportions of 
ethylene glycol per molecular proportion of the dialkyl 
terephthalate are used since under these conditions the 
initial transesterification reaction occurs more rapidly 35 
and completely. The transesterification reaction is con- 
ducted under conditions of elevated temperature. For 
example, a temperature in the range of between about 
the boiling temperature of the reaction mixture to as 
high as 250° may be used. The reaction can occur at 40 
atmospheric, sub-atmospheric or super-atmospheric 
pressure. The by-product of the transesterification reac- 
tion is an alkanoL For example, if dimethyl terephthal- 
ate is used, methanol is produced The alkanol is re- 
moved from the reaction product. In order to increase 45 
the reaction rate, many known catalysts may be em- 
ployed in the transesterification reaction, as desired: 

After the bis~(2-hydroxyethyi) terephthalate has been 
produced, it may be converted to polyethylene tere- 
phthalate by heating at a temperature above the boiling 50 
point of the ethylene glycol or the reaction mixture 
under conditions affecting the removal of the glycol or 
water. The heating may occur at a temperature as high 
as 325° C, if desired. During heating, pressure is re- 
duced so as to provide rapid distillation of the excess 55 
glycol or water. The final polyethylene terephthalate 
polymer may have an intrinsic viscosity, as measured in 
orthochlorophenol at 25 6 G. in excess of 0.3 deciliter per 
gram. More preferably, the intrinsic viscosity of the 
polymer ranges from about 0.4 to about 1 .0 deciliter per 60 
gram, again measured in orthochlorophenol at 25° C. 
Still more preferably, the polyethylene terephthalate 
employed in the present invention has an intrinsic vis- 
cosity of about 0.5 to about 0.7 deciliter per gram as 
measured in orthochlorophenol at 25° C 65 

It has been a problem in the art to produce a clear, 
thermplastic film substrate which is tough, chemically 
resistant and which is useful for optically critical pur- 



poses such as polarizer carrier sheet or cover for a liq- 
uid crystal display. Biaxially oriented polyester film, 
while it is clear and tough, has an optic axis plane angle 
which varies from point to point across the web. This 
variation of orientation of the optic axis plane precludes 
the use of biaxially oriented polyester film for most 
optically critical applications. 

The optic axis planar orientation problem is substan- 
tially overcome by producing a polyester film by the 
process of: 

(a) extruding a moving molten web of polyester film; 
and 

(b) quenching the moving web to solidify it in a sub- 
stantially amorphous form; and 

(c) applying a coating of a dispersed aqueous compo- 
sition of polyvinyl alcohol or poly urethane to at least a 
portion of the surface of said film; and 

(d) stretching the moving web in a direction trans- 
verse to the direction of motion while heating the web 
at a temperature of from about its glass transition tern- * 
perature to about 160° C: and f 

(e) crystalizing the moving web by heating it to a 
temperature in the range of 130* C. to 240° C. under 
tension but without stretching said web; and 

(0 coding said web to substantially ambient atmo- 
spheric temperature. 

In a preferred embodiment, the polvester film form- 
ing polymer is melted and thereafter extruded onto a 
polished revolving casting drum to form a cast, flexible 
sheet of the polymer. Then the polyester film is applied 
with a substantially clear coating comprising a dis- 
persed aqueous composition of polyvinyl alcohol or 
polyurethane. Thereafter, the film is transversely uniax- 
ially stretched in a tenter frame while being heated to a 
temperature in the range of 80* C. to 160* C, preferably 
in the range of 90° C. to 100* C. The stretched film is 
stretched about 2 to 6 times its original dimension and 
preferably 2.5 to 4.5 times, most preferably 4 times. It is 
important that the stretching temperature is above the 
glass transition temperature of the film. The film is then 
crystalized by heating to a temperature of from about 
130 s C. to about 240° C, preferably 150° to 180" C, 
while being transversely restrained but without film 
stretching. Crystalizing is normally complete when this 
treatment is performed for about five seconds or more. 
The film is then cooled to substantially ambient atmo- 
spheric room temperature. The thusly produced film 
may have a thickness of from 0.48 to 30 mils, preferably 
I to 9 mils, most preferably 3 to 7 mils. 

The important feature of the produced film substrate 
is that is has a very low extinction angle. Extinction is 
the condition exhibited by a crystal when its optic axial 
plane is aligned with one of a pair of crossed polaroids. 
The extinction angle is the angle through which a crys- 
tal is revolved from a definite line (as that of the crystal- 
lographic axis) to the plane of maximum extinction. For 
a birefringent film, the extinction angle is the inclination 
of the optic axial plane to the transverse stretch direc- 
tion. The extinction angle of the present film is to be as 
close to zero as possible. The angle may range from 0° 
to 6", preferably 0° to 3° and most preferably 0*. 

The process of producing this polyester film is more 
fully described in U.S. patent application, Ser. No. 
262,669, filed May II, 1981, now abandoned, which is 
incorporated herein by reference. 

In the preferred embodiment, the dispersed polyvinyl 
alcohol composition is an aqueous solution of polyvinyl 
alcohol containing from about 2% to about 2% solids 
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! >y m^ Sh ^? ref T b I y 5 ^» tO J 20 ^' mOSt preferabIy5% polyurethane may preferably be present m an 

to 10%, although the^knled artisan may use more or amount of from about 5% to about 40% Vv weigh? 

less for this purpose. The preferred polyvinyl alcohol is preferably from about 5% to about 30%, most prefS 

hydrolyzed from about 33% to about 99%. The coating bly 5% to about 10%. When both th7polyuShaneSd 

compositions preferably gravure rolled or slot coated 5 polyvinyl alcohol are oresent, thelTeferreJ fmiols 

■■S^^SSSft^^T^'^^^ 3bOUt4:1 P^thaneto polyvinyl alShofdisSS 

about O.07 to about 1.0 dry pounds of coating per thou- in water 

sand [square feet of fdm before stretching, although the The polyvinyl alcohol film portion of the laminate is 

skilled artisan may use more or less for his purposes. then stained by running it through ^ iodine laA wnich 

The most preferred polyvinyl alcohol is Vinol 205 10 also contains an iodide salt suchS SSSde 

which Ban 89% hydrolyzed product of Air Products, and then through a stabilizing boronLSment 

Inc. of Greenville, S C. Other useful polyvinyl alcohols an aqueous solution of boraf and ?b£fc ?H* ft » 

include Mowiol 4-88; 8-88; 4-98; 66-100 and 13-72 avail- known inTe art Cld * We " 

able from Hoechst AG of Frankfurt, West Germany. The treated film is then subjected to both a concen- 

an Y^r yUrethan£ f mC ^ de N f-°- reZ R ' 940 ' R - 96 ° 15 ^infrared heat treatment and a concerned fultra- 

and R-963 aqueous polyurethane dispersions. The pre- violet light treatment to substantially^creaSte hvdro- 

ferred I polyurethane composition useful for the present lytic stability over time. TySlv U^thusYv fontrf 

m^L 'if ^£*F*Vf Ne °-, reZ ^ POly " P 013 ^ h over twS watt Infrared £S2 

urethane, all available from Polyvinyl Chemical Co. and passed once or twice under a 300 watt^er kS 

S 58 f2S- rre r d,S r rS,0n f >mpl i SeS fr ° m aboUt I5% to 20 ' mch focused m «cury vapor Ia^p to prXcfap^S 
about 40% sohds by weight, preferably from about 15% izer • v p P roauce a poiar- 

SSuS'S12 nl ab ° Ut 15% 10 ab ,° Ut lB the preferred embodiment, the staining bath is 
20%, although die skilled artisan may use more or less aqueous and contains sufficient iodine to iJnart the 
for his purposes It « preferably applied at a coating desired stain to the polyvinyl alcohol film ^TyScaT/v 
weight of from about 0.07 to about 0.35 dry pounds of 25 this amount ranges from atTut 0.1% to 2% by weS 

^ ^^ST^iT^ feCt ° f fiIm ***** thC SO,Ut5on - bath aIso stains an i^Se Tal fsuch 

h^S^S* artKan m ° re ° f l6SS fOF ^P^^.^«m.Hthiumorhydrogeniod\SwS 

ini™™^^ ' ■ - -j- -- P rom otes the acceptance of the colored iodine stain into 

fnlln tTr^Lf^S" m JUd ?" g con ? pos ? t,0 , nS USe " the P 01 ^ 1 ^hol. The iodide salt may be presem n 

ful in the context of the present invention includes a 30 an amount of from about 1% to about the saturat on 

iitfrV* ^ 7^? tb t iS COated ' point of lhe A ml preferrS rangT* Som 

crystahzed Also, the coating should not about 10% to about 25%. The optimum^uanlty can 

™i£ ■ P rttf ^'f I he ,^ t0 W0Ck When bei "S determined by the skilled artisan. One preS^uan! 
^tefto^ln^W^f? ^f'^O^thepoly- tityisabout21%potassiumiodide. Preferably SeS- 
SmSe If Thf ^ 7 f^f 0 * 5 ? WC " tbat r heD 3 35 tion may te ""intained at a temperature of from about 
laminate of the coated polyester film and a sheet of 95' F. to about 105° F. One may optionally includ- 

Sl^ 1 " thT °?i h 3 Staimng prOCeSS other ingredients in the stainfng baA? S^alcSofr 

to produce a polanzer and tested by subjecting it to an to promote staining aiconois, 

^ OI T ent ,° f 7 °° ?'f f%[ el ^ive humidity for 300 The stained films may next be introduced into a bo- 
hours, the polyvinyl alcohol film should shrink only an 40 ronic stabilizing bathsuch as is well knownta the artA 

Sr^T ^ ^ ° away from the polyester sub- 5% borax and 15% boric acid. A typical dwell time 2 

A<= a nM # «Ws.. • ' -t .- , - . about 90 seconds. The film may then be dried by air or 

™h - CP , !. he P roduc , tlon of the Polanzer, the in an oven. The thusly prepared film is hydrolyticallv 

coated, uniaxially drawji polyethylene terephthalate 45 stabilized by being subjected to exposure o bo h 

£SS ,S i ,01 - ed ,' ft 3 ?^ by ,amination to the sources of infrared and uhiaviolet radSn 

^ ^ aIC ° h01 fi - m - In * e Preferred em - A tv P icaI inf rared treatment consists of passing the 

"tf a ^rfw S a , eent ,S appHed betWCen the »lm at a line speed of about 5 feet per minute Sftwo 

coated surface of the polyester and the polyvinyl alco- 800 watt heaters spaced 5 inches apart. E^ch k paralS^ 

P f erTe f ^"t" 1 , 5 a f«s include water, an 50 cally reflected at a 2 | inch focal tength to prolu«an 

aqueous polyvinyl alcohol solution and an aqueous exposure line approximately one inchtide eS»su^ 

£n y ^r% d ' S ^ there ° f - Typical com P Ie£ed in ^ than one minute oTSreTpSly 

bonding agents include those comprising the composi- from about 5 to 15 seconds. Obviously the exact u^m 

TffSTf H C °f ^ 8 f ° r thC PO,yeSter film - etere ™y be determined by fhTsSeSlS forTj 
^ It has been found most advantageous to use a water 55 most advantageous use 

w^vi 1 !,^ i£u poIveSter coati "S em Ployed is pol- A typical ultraviolet treatment consists of passing the 
t^ y ln « • » e f° lyeSter C ° ating ^ P°'y ureth ^e, film at a line speed of about 5 feet per mmu^nder z 
PeC ' a H y advanta S eo ^ bonding agent com- parabolically reflected high pressure merely Cor 
prises a d^persed aqueous composition containing poly- lamp having discrete emission in the UV ranee Such^n 

^SHf d f^ !yV,nyla!OTh ^ AmOStpreferred 60 armn geme m m ayhavea5inchS 

f^-H f P ur P°f « s Neo-rez 943. A most pre- ate a i inch exposure line across the entire Sthof a 

ferredpo yv,nyl alcohol for tins purpose is Vinol 205. polarizer web at an output of 300 watts per llneai nch of 
SSv SZT 1 ? f e e ^J**y?*p alc °hol types, espe- web width. Again exposure is completed in le£ than 

Se smS a^ Th" d T " b , T y . be , emp, ° yed by ° ne minUte ° r more ' ty P 5ca » v from about 5 toT 5 S 

ent S S ; Polyvinyl alcohol may be pres- 65 onds. The exact parameters may also be determined by 

, £ '«S Oomposition ,n an amount of from the skilled artisan for his most advantageous use. 
to^ufSo% ml „Sr V h ,g K' Pr ^ rab, y u about 2% ^ fo"owing non-limiting example is illustrative of 

to about 20%, most preferaoly about 2% to about 10%. the operation of the invention. 
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EXAMPLE ^ cooling said web to substantially ambient atino- 

iv » V , spheric room temperature: and 

Molten polyethylene terephthalate is extruded onto a (g) adhering a polyvinyl alcohol film to at least a 

cold casting drum to form an amorphous cast film. The portion of said coating; and 

thusly formed film is then coated with a 10% aqueous 5 <n) staining said polyvinyl alcohol film in abath of an 
solution of Virfol 205 polyvinyl alcohol by gravure . iodine containing composition; and 
coating to a coating weight of 0.10 dry pounds of coat- © subjecting said polyvinyl alcohol film to concern- 
ing per thousand square feet of film. The film is then trated sources of infrared and ultraviolet radiatioa 
heated, while being stretched transversely to the direc- sufficient to substantially increase the hydrolytic 
tion of its motion, at a temperature in the heating zone 10 stability of the formed polarizer, 
of from 97° to 105° C. The film is thusly stretched four ri 2 * The P° Iariz er °f claim 1 wherein said polyester 
times its original width. The stretched film is then 7 comprises polyethylene terephthalate. 
heated to a temperature in a heating zone of from 208° - 1 Polarizer ^of claim 1 wherein the temperature 
to 214° C. while transversely restrained to crystalize the i< ™ T%CT ? ^ bOUt 80 * ° to about 1 10 * C 
film. The crystalized film is then cooled to 29° C .i^fi^^ ° f C J am 1 whe ^ein said polyvinyl 

A sheet of two mil polyvinyl alcohol is cast into a film ^^ke^^l^^^!^ 1 ^" t0 5 a ' < ^ £u PP ort s^cct- 
and linearly stretched 500%. The two films are pressed m^W^f^^ ° f 1 wherein an adhesion pro- 
together through the nip of a pair ^HeTw^a ^VJtiSSl ^pg^SSff 
water adhesive is applied between the films. This lami- 20 6. The polarizer of ^sj^^^b^ 
nate is then dipped through a staining bath containing promoting agent comprises oneTm „S 

oTSt^ ^ and a ¥T? ^ thC gr ° Up COnsist ^ ofwaLrSKny 

0.4% iodide. The stained laminate is -then introduced alcohol and poiyurethane. 

into an aqueous stabilizing bath containing 5% borax 7. The polarizer of claim 1 wherein said iodine con- 
and 15% bone acid for a 90% second dwell time with 25 tuning bath compi les water, iodine and one or more 

subsequent drying. The thusly produced film is then compounds selected from the group consisting of potas- 

passed, at a line speed of 5 feet per minute under two shim, sodium, lithium and hydrogen iodide, 

parabolicaily reflected 60G watt infrared heaters spaced 8 ' 1136 Polarizer of claim 1 further comprising the 

5 inches apart. The focal length is 2 f inches and pro- step of Ejecting said stained film to a stabilizing treat- 

duces an exposure line one inch wide. The film is then 30 ment of a DOronic composition prior to said radiation 

passed under a parabolicaily reflected high pressure Ste P s ' _ . 

mercury vapor lamp having an output of 300 watts per - - e P° farizer of claim 8 wherein said boronic corn- 
lined inch of web with a 1 inch exposure line. The result ^ OSitlon comprises an aqueous solution of one or more 
is a polarized sheet having a relatively high decree of « ^P ou ™* s *aected from the group consisting of boric 
hydrolytic stability as compared to a ■ nLiri^S '^/^.^^ - ri . ' u 
polarized sheet 10 - polarizer of claim 1 wherein said iodine is 

Although ver y sp^fic embodiment of the invention i£2&«SX£ *"* " *°" * % 
nave been disclosed herein, it is to be understood that *i ~ru** c i * - , - . 

stalled . n the art, and the invention is not limited to such about 1 3J> to about the saturation point. 

em w°ht n !c ent , S '- a • 12- The polarizer of claim 1 wherein said dispersd 

wnat is claimed is: aqueous composition comprises an aqueous solution of 

l. A polarizer prepared by the process which com- polyvinyl alcohol wherein said polyvinyl alcohol is 

pnses: 45 present in an amount of from about 2% to about 25% by 

(a) extruding a moving molten web of polyester film; weight. 

and .. 13. The polarizer of claim 1 wherein said dispersed 

(b) quenching the moving web to solidify it in a sub- aqueous composition comprises an aqueous dispersion 
stantially amorphous form; and of poiyurethane wherein said poiyurethane is present in 

(c) applying a coating of a dispersed aqueous compo- 50 9X1 arnount of from about 5% to about 43% by weight, 
sition of polyvinyl alcohol or poiyurethane to at 14 ; Tl ? e P oIarizer of claim 12 wherein said polyvinyl 
least a portion of the surface of said film- and alcohol m said dispersed aqueous composition is hydro- 

(d) stretching the moving web in a direction trans- ^ £? m u ? 33% J 0 , about " % 

verse to the direction of motion while heating the « polarizer of claim 12 wherein said coating 

web at a temperature of from about its glass transi- I^fi .ranges from about 0.07 to about 1.0 dry pounds 
tion temperature to about 160* C - and of <ratog per thousand square feet of unstretched film. 



65 
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ABSTRACT 



A reflective polarizer and a dichroic polarizer are combined 
to provide an improved optical polarizer. The dichroic and 
reflective polarizers are typically in close proximity to each 
other, and are preferably bonded together to eliminate the air 
gap between the polarizers. The combination of the two 
polarizers provides a high reflectivity of one polarization 
and high transmission for the perpendicular polarization 
from the reflective polarizer side of the combined polarizer, 
and high absorption and transmission for light of orthogonal 
polarization from the dichroic polarizer side. The combina- 
tion also reduces iridescence as seen in transmission and 
when viewed in reflection from the dichroic polarizer side. 
The increased extinction ratio and low reflectivity of the 
optical polarizer allows use of a lower extinction ratio 
dichroic polarizer in applications requiring a given extinc- 
tion ratio and high transmission. 

21 Claims, 27 Drawing Sheets 
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OPTICAL POLARIZER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a division of U.S. patent application 
Ser. No. 09/013,819, filed Jan. 27, 1998, which is a con- 
tinuation of U.S. patent application Ser. No. 08/402,042, 
filed Mar. 10, 1995, now abandoned, which is a continuation 
in part of U.S. patent application Ser. Nos. 08/171,239 now 
abandoned, and 08/171,098, now abandoned, which were 
filed Dec. 21, 1993, and is a continuation in part of U.S. 
patent application Ser. Nos. 08/359,436, now abandoned, 
and 08/360,215, now abandoned, which were filed Dec. 20, 
1994, all of which are incorporated herein by reference. 

TECHNICAL FIELD 
The invention is an improved optical polarizer. 

BACKGROUND 

Optical polarizing film is widely used for glare reducing 
sunglasses, increasing optical contrast, and in Liquid Crystal 
Displays (LCD). The most commonly used type of polarizer 
used in these applications is a dichroic polarizer. Dichroic 
polarizers are made by incorporating a dye into a polymer 
sheet that is stretched in one direction. Dichroic polarizers 
can also be made by uniaxially stretching a semicrystalline 
polymer such as polyvinyl alcohol, then staining the poly- 
mer with an iodine complex or dichroic dye, or by coating 
a polymer with an oriented dichroic dye. These polarizers 
typically have an extinction ratio (the ratio of transmission 
of light polarized perpendicular to the stretch direction to the 
polarization parallel to the stretch direction) of over 500:1. 
Dichroic polarizers normally have some absorption of light 
polarized in the high transmission orientation. Losses in this 
orientation are typically 10-20%. 

Commercial polarizers typically use polyvinyl alcohol as 
the polymer matrix for the dye, however other polymers can 
be used. U.S. Pat. No. 4,756,953 describes the use of 
polyethylene naphthalate as the polymer matrix. 

Low profile, sheet form reflective polarizers are available 
that reflect one polarization of light and transmit the other. 
These polarizers tend to be more efficient in transmitting 
light of the high transmission polarization. This is due to the 
use of a non-absorbing dielectric stack for polarizing light. 
These polarizers tend to have equal reflectivity for light 
irradiating the sheet from either side. These types of polar- 
izers also tend to have some defects, such as leakage of light 
through localized areas of the sheet, and incomplete reflec- 
tivity of the high extinction polarization over the wavelength 
region of interest. This leakage of light and incomplete 
reflectivity is often called iridescence. 

SUMMARY 

A reflective polarizer and a dichroic polarizer are com- 
bined to provide an improved optical polarizer. The dichroic 
and reflective polarizers are typically in close proximity to 
each other, and are preferably bonded together to eliminate 
the air gap between the polarizers. The combination of the 
two polarizers provides a high reflectivity for light of a first 
polarization and high transmission for light of a second, 
perpendicular polarization from the reflective polarizer side 
of the optical polarizer, and high absorption for light of the 
first polarization and high transmission for light of the 
second, perpendicular polarization from the dichroic polar- 
izer side. Iridescence as seen in transmission and when 
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viewed in reflection from the dichroic polarizer side is also 
reduced as compared to the reflective polarizer alone. This 
reduction in iridescence is useful in improving the cosmetic 
appearance of optical displays, the extinction ratio of optical 
polarizers, and the optical uniformity of a display. 

The increased extinction ratio and low reflectivity of the 
present optical polarizer allows use of a lower extinction 
ratio dichroic polarizer in applications requiring a given 
extinction ratio. By lowering the extinction ratio required of 
dichroic polarizer the absorptive losses in the dichroic 
polarizer for transmitted rays can be reduced. Thus, the 
present optical polarizer has improved transmissive extinc- 
tion ratios for rays entering from either side of the present 
optical polarizer, low reflected intensity for rays partially 
transmitted by the dichroic polarizer in the first polarization 
that are reflected by the reflective polarizer, and lower 
absorptive losses as compared to a dichroic polarizer alone. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various objects, features and advantages of the 
present optical polarizer shall be better understood upon 
reading and understanding the following detailed descrip- 
tion and accompanying drawings in which: 

FIG. 1 shows the present optical polarizer, including a 
reflective polarizer and a dichroic polarizer placed proxi- 
mate thereto; 

FIG. 2 shows a preferred multilayer reflective polarizer 
having a dichroic polarizer bonded thereto; 

FIG. 3 shows an embodiment of a display incorporating 
a reflective polarizer and dichroic polarizer; 

FIG. 4 shows another embodiment of a display incorpo- 
rating a reflective polarizer and dichroic polarizer; 

FIG. 5 shows another embodiment of a display incorpo- 
rating two combined reflective polarizers and dichroic polar- 
izers; 

FIG. 6 shows a liquid crystal display incorporating a 
reflective polarizer and a dichroic polarizer; 

FIG. 7 shows a two layer stack of films forming a single 
interface. 

FIGS. 8 and 9 show reflectivity versus angle curves for a 
uniaxial birefringent system in a medium of index 1.60. 

FIG. 10 shows reflectivity versus angle curves for a 
uniaxial birefringent system in a medium of index 1.0. 

FIGS. 11, 12 and 13 show various relationships between 
in-plane indices and z-index for a uniaxial birefringent 
system. 

FIG. 14 shows off axis reflectivity versus wavelength for 
two different biaxial birefringent systems. 

FIG. 15 shows the effect of introducing a y-index differ- 
ence in a biaxial birefringent film with a large z-index 
difference. 

FIG. 16 shows the effect of introducing a y-index differ- 
ence in a biaxial birefringent film with a smaller z-index 
difference. 

FIG. 17 shows a contour plot summarizing the informa- 
tion from FIGS. 15 and 16; 

FIGS. 18, 19, 20, 21, 22 and 23 show optical performance 
of multilayer mirrors given in Examples 3—6; 

FIGS. 24, 25, 26, 27 and 28 show optical performance of 
multilayer polarizers given in Examples 7—11; 

FIG. 29 shows optical performance of the multilayer 
mirror given in Example 12; 

FIG. 30 shows optical performance of the AR coated 
polarizer given in Example 13; 
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FIG. 31 shows optical performance of the polarizer given 
in Example 14; and 

FIGS. 32 A, 32B and 32C show optical performance of 
multilayer polarizers given in Example 15. 

DETAILED DESCRIPTION 

FIG. 1 shows an optical polarizer 10 that has two primary 
components. These are a dichroic polarizer 11 and a reflec- 
tive polarizer 12. The two polarizers are aligned to provide 
maximum transmissivity. The combination of the two polar- 
izers provides a high reflectivity for light of a first polar- 
ization and high transmission for light of a second, perpen- 
dicular polarization from the reflective polarizer side of the 
optical polarizer, and high absorption for light of the first 
polarization and high transmission for light of the second, 
perpendicular polarization from the dichroic polarizer side. 

In use, the combined polarizers are illuminated on one or 
both of the outside facing surfaces. Ray 13 is of a polariza- 
tion that is preferentially reflected by reflective polarizer 12 
to form ray 14. Light of ray 13 transmitted by reflective 
polarizer 12 forms ray 15 which is attenuated by dichroic 
polarizer 11. Light ray 16 which is perpendicularly polarized 
to ray 13 is preferentially transmitted by reflective polarizer 
12 and is slightly attenuated by dichroic polarizer 11. Ray 17 
is of a polarization that is preferentially absorbed by dichroic 
polarizer 11, and which is also preferably of the same 
polarization as ray 13. The portion of light of ray 17 which 
is transmitted by dichroic polarizer 11 is further attenuated 
by reflection off reflective polarizer 12 forming ray 18 which 
is further absorbed by dichroic polarizer 11. Light ray 19 
which is polarized perpendicular to ray 17, and which is of 
the same polarization as ray 16, is preferentially transmitted 
by both dichroic and reflective polarizers 11 and 12, respec- 
tively. 

The dichroic polarizer 11 is typically in close proximity to 
the reflective polarizer 12. Preferably they are bonded to 
each other to eliminate the air gap between the polarizers, as 
shown in FIG. 2. 

The preferred and illustrative reflective polarizer body 12 
shown in FIG. 2 is made of alternating layers (ABABA . . . ) 
of two different polymeric materials. These are referred to as 
material "(A)" and material "(B)" throughout the drawings 
and description. The two materials are extruded together and 
the resulting multiple layer (ABABA . . . ) material is 
stretched (5:1) along one axis (X) and is not stretched 
appreciably (1:1) along the other axis (Y). The X axis is 
referred to as the "stretched" direction while the Y axis is 
referred to as the "transverse" direction. 

The (B) material has a nominal index of refraction (1.64 
for example) which is not substantially altered by the 
stretching process. The (A) material has the property of 
having the index of refraction altered by the stretching 
process. For example, a uniaxially stretched sheet of the (A) 
material will have one index of refraction (1.88 for example) 
associated with the stretched direction and a different index 
of refraction (1.64 for example) associated with the trans- 
verse direction. By way of definition, the index of refraction 
associated with an in-plane axis (an axis parallel to the 
surface of the film) is the effective index of refraction for 
plane-polarized incident light whose plane of polarization is 
parallel to that axis. 

Thus, after stretching, the multiple layer stack 
(ABABA . . . ) of material shows a large refractive index 
difference between layers (1.88 minus 1.64) associated with 
the stretched direction. While in the transverse direction, the 
associated indices of refraction between layers are essen- 
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tially the same (1.64 and 1.64 in the example). These optical 
characteristics cause the multiple layer laminate to act as a 
reflecting polarizer that will transmit the polarization com- 
ponent of the incident light which is correctly oriented with 
respect to the axis 22. Axis 22 is defined as the transmission 
axis. The light which is transmitted by the reflective polar- 
izer body 12 is referred to as having a first polarization 
orientation. 

The light which does not pass through the reflective 
polarizer body 12 has a polarization orientation orthogonal 
or perpendicular to the first orientation. Light exhibiting this 
polarization orientation will encounter the index difference 
which results in reflection of this light. This defines a 
so-called "extinction" axis 24. In this fashion the reflective 
polarizer body 12 transmits light having a selected 
polarization, and reflects light having the other polarization. 

The optical performance and uniformity of a reflective 
polarizer can be improved by adding a dichroic polarizer 
proximate to at least one side of the multilayer stack, or by 
incorporating a dichroic polarizer into at least one of the 
layers in the multilayer stack. In such a configuration, the 
transmission axis 27 of the dichroic polarizer 11 is prefer- 
ably aligned with the transmission axis 22 of the reflective 
polarizer 12. When the dichroic polarizer 11 is on one side 
of reflective polarizer 12, as shown in FIG. 1, the reflection 
of light ray 17 on the dichroic polarizer side will be reduced 
due to attenuation of reflected ray 18 by dichroic polarizer 
11 in comparison to the reflection of ray 17 off reflective 
polarizer 12 without dichroic polarizer 11. The reflectivity of 
ray 13 off reflective polarizer 12 is not substantially affected 
by dichroic polarizer 11. This produces an optical polarizer 
10 which is antireflective on at least one side. An tire flection 
of one side of the optical polarizer 10 is useful in displays, 
particularly in certain backlit displays where the reflected 
polarization can be used to increase the display brightness 
while the other side, the viewing side, of the polarizer must 
not reflect light. Iridescence as seen in transmission through 
either direction, and iridescence when viewed in reflection 
from the dichroic polarizer side are reduced by the addition 
of dichroic polarizer 11. This reduction in iridescence is 
useful in improving the cosmetic appearance of the display, 
the extinction ratio of the polarizer, and the optical unifor- 
mity of the display. 

The configuration of dichroic and reflective polarizers 
shown in FIG. 1 creates a high efficiency optical polarizer. 
Combining dichroic polarizer 11 with reflective polarizer 12 
results in an optical polarizer 10 which has a higher extinc- 
tion ratio for transmitted light than that which is achieved 
using the dichroic polarizer alone. This configuration also 
produces low reflectivity for ray 17 from the dichroic 
polarizer side due to attenuation of reflected ray 18 by 
dichroic polarizer 11. For applications requiring a given 
extinction ratio and high transmissivity, the increased 
extinction ratio and low reflectivity of optical polarizer 10 
allows the use of a dichroic polarizer 11 which has a lower 
extinction of the first polarization than could otherwise be 
used. By lowering the extinction required of dichroic polar- 
izer 11, the absorptive losses in polarizer 11 for transmitted 
rays 16 and 19 can be reduced. Thus, the optical polarizer 10 
has improved transmissive extinction ratios for ray pair 17 
and 19 and ray pair 13 and 16, low reflected intensity for 
reflected ray 18 off of reflective polarizer 12, and lower 
absorptive losses than could be achieved using a dichroic 
polarizer alone. The preferred extinction for the dichroic 
polarizer 11 for use in liquid crystal displays is 10 to 
99.99%, more preferred is 50 to 99%, more preferred is 60 
to 97%, and most preferred is 70 to 95%. The preferred 
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extinction for the reflective polarizer is 20 to 99.99%, more 
preferred is 50 to 99.9% and most preferred is 90 to 99%. 

Reflective polarizers may have some dielectric interfer- 
ence in the second polarization at either normal or off- 
normal angles, or both. This reflection may present problems 
due to reflected glare and attenuation of transmitted light of 
the second polarization. An efficient dichroic polarizer 
aligned as shown in FIG. 1 will only weakly attenuate this 
reflection. In certain applications, this reflection will be 
acceptable. In general, however, the reflective polarizer will 
preferably have minimal reflection in the second polariza- 
tion over the range of optical angles used by the device 
(nominally +/-45 degrees for a TFT or STN liquid crystal 
display). In general it is preferred that the reflection of the 
reflective polarizer of linearly polarized light of the second 
polarization be less than 20%, more preferably less than 
1 0%, and most preferably less than 5%. This reflectivity is 
the average for the wavelength range and use angle range of 
interest for specific or general applications. It is also pre- 
ferred that the reflectivity of the reflective polarizer for 
linearly polarized light of the first polarization be preserved 
over angles orthogonal to the extinction axis relative to the 
normal direction. Preferred is that the reflectivity of the first 
polarization is reduced to no less than 30% at the maximum 
angle of interest, more preferred is 60%, and most preferred 
is that the reflectivity be maintained or increase at off-normal 
angles over the range of angles of interest. 

The reflective and dichroic polarizers may be various 
combinations of broad band and narrow band polarizers. For 
example, a narrow band reflective polarizer may be com- 
bined with a dichroic polarizer with extinction over the same 
band range. This combination can be used to produce 
polarizers in the red, green, blue, cyan, magenta, or yellow 
bands with higher extinction and superior color definition 
compared to a colored dichroic polarizer. Other combina- 
tions include the use of a broad band reflective polarizer with 
dichroic polarizers with nonuniform extinction in the visible 
spectrum. For example, certain polyvinyl alcohol/iodine 
polarizers have excellent extinction in the green and red 
portion of the spectrum, and less in the blue. This polarizer 
can be combined with a broad band reflective polarizer in 
order to provide good extinction at blue wavelengths. Non- 
uniform optical extinction may also be useful for increasing 
the optical performance of the combined polarizers. For 
example, the maximum radiometric transmission from the 
combination of reflective and dichroic polarizers may be 
obtained with minimum luminous reflectivity by using a 
dichroic polarizer with relatively high absorption in the 
green and less absorption in the blue and red. Insufficient 
extinction in the reflective polarizer at normal and off- 
normal angles may also be compensated by increasing the 
extinction of the dichroic polarizer in the necessary spectral 
regions. For example, a reflective polarizer that has insuf- 
ficient extinction for red light of the second polarization at 
off-normal angles can be compensated by using a dichroic 
polarizer with relatively red high extinction. 

Dichroic polarizer 11 can be incorporated into optical 
polarizer 10 by placing the reflective and dichroic polarizers 
in the same optical path or by laminating them together. 
Dichroic polarizer 11 can be incorporated with reflective 
polarizer 12 before orientation by extruding or laminating at 
least one layer of a mixture of dichroic dyestuff in polymer 
onto the multilayer cast film, by a dichroic dyestuff added to 
the polymer resin of one or more of the skin layers of the 
multilayer reflective polarizer, or by adding dye to one or 
more layers in the multilayer stack. Multilayer extrusion 
techniques also allow the ability to tailor the distribution of 



15 



20 



30 



35 



45 



50 



55 



65 



dichroic dye within the individual layers making up the 
optical stack. This may allow the dye to be located in regions 
of greatest utility. For example, a dye may be preferably 
concentrated in regions of maximum or minimum "E" field 
intensity within the optical stack. By appropriate choice of 
the dichroic dyestuff and polymer matrix, stretching the 
resulting film will simultaneously produce the dichroic and 
reflective polarizers in the proper orientation. 

Anthraquinone and azo dyes may be used as the dichroic 
dye, as well as other dichroic dye materials. In some 
applications the dye does not have to be highly dichroic 
when oriented. Applications requiring relatively high 
absorption of both polarizations, for example, sunglasses or 
in displays requiring reduced glare, can use a less dichroic, 
or non-dichroic dye. 

The dichroic polarizer 11 may be incorporated into one or 
both sides of a reflective polarizer by coating a solution of 
polyvinyl alcohol onto the cast (unoriented) multilayer film 
and simultaneously forming the multilayer reflective polar- 
izer and the dichroic polarizer. The cast film can be primed 
for adhesion before coating by solution coating on an 
inorganic or polymeric primer layer, corona treatment, or by 
physical treatment. A suitable solution based primer for this 
application are water soluble copolyesters commonly used 
for priming polyethylene terephthlate films such as 
described in U.S. Pat. No. 4,659,523. The polyvinyl alcohol 
coating solution should contain between 2 and 20% polymer 
in water based on weight, with the preferred concentration 
being between 5 and 15%. The polyvinyl alcohol should 
have a degree of hydrolysis of between 95 and 100%, 
preferably between 97 and 99.5%. The dry coating weight 
should range from 2 to 80 grams per square meter. The 
polyvinyl alcohol coated cast film is then stretched at 
elevated temperatures to develop oriented polyvinyl alcohol 
and the multilayer reflective polarizer. This temperature is 
preferably above the glass transition temperature of least one 
of the components of the multilayer reflective polarizer. In 
general, the temperature should be between 80 and 160 C, 
preferably between 100 and 160 C. The film should be 
stretched from 2 to 10 times the original dimension. 
Preferably, the film will be stretched from 3 to 6 times the 
original dimension. The film may be allowed to dimension- 
ally relax in the cross-stretch direction from the natural 
reduction in cross-stretch direction (equal to the square root 
of the stretch ratio) to being constrained (i.e. no substantial 
change in cross-stretch dimensions). The film may be 
stretched in the machine direction, as with a length orienter, 
or in width using a tenter. The oriented polyvinyl alcohol 
coating is then stained with either iodine based staining 
solutions, dye based staining solutions, or combinations of 
the two solutions and stabilized if necessary with suitable 
solutions such as boric acid and borax in water. Such 
staining and fixing techniques are known in the art. After 
drying the film, the dichroic polarizer can be protected by 
laminating or coating on a protective film such as cellulose 
based polymers, acrylate polymers, polycarbonate 
polymers, solution based or radiation cured acrylate based 
adhesive or non-adhesive coatings, polyethylene terephtha- 
late or other polyester based films, or an additional sheet of 
reflective polarizer film. In cases where the state of polarized 
light rays entering or exiting the polarizer 10 from the 
dichroic polarizer side is not critical, birefringent polymers 
such as biaxially oriented polyethylene terephthalate may be 
used as the protective layer. 

A dichroic polarizer suitable for use in this invention is 
described in U.S. Pat. Nos. 4,895,769 and 4,659,523. The 
polarizers described in these patents may be combined with 
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the reflective polarizer preferably with one side of the 
polyvinyl alcohol dichroic polarizer protected with a sepa- 
rate polymer and the other side of the dichroic polarizer 
bonded to the reflective polarizer. The dichroic polarizer 
may be made from relatively thin polyvinyl alcohol coatings 
(i.e., preferably less than 40 g per square meter, more 
preferably less than 10 g/m 2 , more preferably less than 4 
g/m 2 , even more preferably less than 2 g/m 2 ). Thin coatings 
will have less absorption of the polarization perpendicular to 
the stretch direction, yet still have good extinction in first 
polarization when the high transmission axis is aligned with 
the high transmission axis of a reflective polarizer. Thin 
coatings are also faster to process. 

The polarizer of this invention has at least one dichroic 
polarizer and one reflective polarizer sections (as shown in 
FIG. 1). Other combinations are also suitable, including 
polarizers having either dichroic/reflective/dichroic sections 
or reflective/dichroic/reflective sections. 

FIG. 3 shows the combined reflective polarizer 12 and 
dichroic polarizer 11 as used in a transmissive display. 
Liquid crystal module 52 switches the polarization of trans- 
mitted light supplied by backlight 54 through a conventional 
dichroic polarizer 53. In this mode, the reflective polarizer 
returns at least a portion of the light of the first polarization 
passed by the liquid crystal module 52 back into the back- 
light. This light may be recycled by the backlight and be 
used to increase the brightness of the display. 

FIG. 4 shows the use of the combined polarizers 11 and 
12 as the rear polarizer in a transmissive display. In this 
mode, the reflective polarizer may enhance the brightness of 
a display by returning the light of the first polarization that 
would ordinarily be absorbed by the rear dichroic polarizer 
in a conventional display. 

FIG. 5 shows combined polarizers 11 and 12 used as both 
the front and rear polarizers in a display. The displays shown 
in FIGS. 3, 4, and 5 can be used in a transflective mode by 
inserting a partial reflector between the backlight and the 
rear polarizer, and can be used as a reflective display by 
replacing the backlight with a reflective film. 

In the display configurations of FIGS. 4 and 5, it may be 
desirable to laminate or otherwise similarly attach the opti- 
cal polarizer to the optical cavity. Laminating the optical 
polarizer to the optical cavity eliminates the air gap between 
them and thus reduces surface reflections which would 
otherwise occur at the air/reflective polarizer element 
boundary. These reflections reduce the total transmission of 
the desired polarization by the reflective polarizing element. 
By attaching the reflective polarizer side of the optical 
polarizer to the optical cavity, these surface reflections are 
reduced and total transmission of the desired polarization by 
the optical polarizer is increased. If the optical polarizer is 
not so attached to the optical cavity, use of an AR coated 
polarizer such as that described below in Example 13 may 
be desirable, particularly in the display configurations of 
FIGS. 4 and 5. 

Most liquid crystal modules 52 such as those shown in 
FIGS. 3, 4, and 5 generally include a thin layer of liquid 
crystal material sandwiched between two glass layers. To 
minimize parallax, the configuration shown in FIG. 6 can be 
used. There the combined polarizers 11 and 12 are located 
between the liquid crystal 56 and glass layers 58 and 59 of 
the liquid crystal module 52. By locating the combined 
polarizers in this manner, parallax which may be otherwise 
introduced in varying degrees depending upon the thickness 
of the glass layers is eliminated. 

A Polaroid Corporation model number HN-38 dichroic 
polarizing film was placed against the multilayer reflective 
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polarizer formed as discussed herein. The polarizers were 
aligned for maximum transmission of one polarization. The 
combination of the dichroic and reflective polarizers elimi- 
nated visible iridescence of the reflective polarizing film 
when viewed in transmission in either direction. The dich- 
roic polarizer also eliminated reflected visible iridescence 
from the reflective polarizer when viewed in reflection 
through the dichroic polarizer. Thus, the combination of a 
dichroic polarizer with a reflective polarizer improves the 
cosmetic uniformity of the reflective polarizer. 

The reflectivity and transmissivity of this optical polarizer 
was measured with a Lambda 9 spectrophotometer at 550 
nm using a sample beam polarized with a Melles-Griot 
dichroic polarizer model number 03-FPG-009. Reflectivity 
measurements were made using an integrating sphere. Sepa- 
rate reflectivity measurements were made with the samples 
backed first with a white diffuse reflector and then with a 
black backing. The transmissivity of the combined polariz- 
ers was 65.64% when aligned in the spectrophotometer for 
maximum transmission, and 0.05% when aligned for mini- 
mum transmission. When the dichroic polarizer was facing 
the integrating sphere and an absorbing backing was used, 
the reflectivity of the combined polarizers was 13.26% when 
aligned for maximum reflectivity and 4.37% when aligned 
for minimum reflectivity. The maximum and minimum 
reflectivity of the combined polarizers when the reflective 
polarizer was facing the integrating sphere was 99.22% and 
16.58%, respectively. The above measurements were 
repeated with a white reflection standard behind the sample. 
The reflectivity of the combined polarizers with the dichroic 
polarizer facing the integrating sphere was 47.47% when 
aligned for maximum reflectivity, and 4.41% when aligned 
for minimum reflectivity. The maximum and minimum 
reflectivity of the combined polarizers when the reflective 
polarizer was facing the integrating sphere was 99.32% and 
36.73%, respectively. Thus, the combination of the two 
polarizers effectively renders one side of the reflective 
polarizer antireflected without substantially affecting the 
reflectivity of the other side of the reflective polarizer 

The transmission of Polaroid Corporation model HN-38 
dichroic polarizing film and the reflective polarizer were 
measured at 430 nm using the procedure described above. 
The transmission of the dichroic polarizer with the sample 
cross polarized to the sample beam was 0.63%. The trans- 
mission of the reflective polarizer under the same conditions 
was 48%. The transmission of the combination of the two 
polarizers aligned for minimum transmission was 0.31%. 
Thus, the extinction of a dichroic polarizer can be increased 
by including a reflective polarizer in the optical path. 
Optical Behavior and Design Considerations of Multilayer 
Stacks 

The optical behavior of a multilayer stack 10 such as that 
shown above in FIG. 2 will now be described in more 
general terms. 

The optical properties and design considerations of mul- 
tilayer stacks described below allow the construction of 
multilayer stacks for which the Brewster angle (the angle at 
which reflectance goes to zero) is very large or is nonexist- 
ant. This allows for the construction of multilayer mirrors 
and polarizers whose reflectivity for p polarized light 
decrease slowly with angle of incidence, are independent of 
angle of incidence, or increase with angle of incidence away 
from the normal. As a result, multilayer stacks having high 
reflectivity for both s and p polarized light over a wide 
bandwidth, and over a wide range of angles can be achieved. 

The average transmission at normal incidence for a mul- 
tilayer stack, (for light polarized in the plane of the extinc- 
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tion axis in the case of polarizers, or for both polarizations 
in the case of mirrors), is desirably less than 50% 
(reflectivity of 0.5) over the intended bandwidth. (It shall be 
understood that for the purposes of the present application, 
all transmission or reflection values given include front and 5 
back surface reflections). Other multilayer stacks exhibit 
lower average transmission and/or a larger intended 
bandwidth, and/or over a larger range of angles from the 
normal. If the intended bandwidth is to be centered around 
one color only, such as red, green or blue, each of which has 10 
an effective bandwidth of about 100 nm each, a multilayer 
stack with an average transmission of less than 50% is 
desirable. A multilayer stack having an average transmission 
of less than 10% over a bandwidth of 100 nm is also 
preferred. Other exemplary preferred mutlilayer stacks have 15 
an average transmission of less than 30% over a bandwidth 
of 200 nm. Yet another preferred multilayer stack exhibits an 
average transmission of less than 10% over the bandwidth of 
the visible spectrum (400—700 nm). Most preferred is a 
multilayer stack that exhibits an average transmission of less 
than 10% over a bandwidth of 380 to 740 nm. The extended 
bandwidth is useful even in visible light applications in 
order to accommodate spectral shifts with angle, and varia- 
tions in the multilayer stack and overall film caliper. 

The multilayer stack 10 can include tens, hundreds or 
thousands of layers, and each layer can be made from any of 
a number of different materials. The characteristics which 
determine the choice of materials for a particular stack 
depend upon the desired optical performance of the stack. 

The stack can contain as many materials as there are 
layers in the stack. For ease of manufacture, preferred 
optical thin film stacks contain only a few different materi- 
als. For purposes of illustration, the present discussion will 
describe multilayer stacks including two materials. 

The boundaries between the materials, or chemically 
identical materials with different physical properties, can be 
abrupt or gradual. Except for some simple cases with 
analytical solutions, analysis of the latter type of stratified 
media with continuously varying index is usually treated as 
a much larger number of thinner uniform layers having 
abrupt boundaries but with only a small change in properties 
between adjacent layers. 

Several parameters may affect the maximum reflectivity 
achievable in any multilayer stack. These include basic stack 
design, optical absorption, layer thickness control and the 
relationship between indices of refraction of the layers in the 
stack. For high reflectivity and/or sharp bandedges, the basic 
stack design should incorporate optical interference effects 
using standard thin film optics design. This typically 
involves using optically thin layers, meaning layers having 
an optical thickness in the range of 0.1 to 1.0 times the 
wavelength of interest. The basic building blocks for high 
reflectivity multilayer films are low/high index pairs of film 
layers, wherein each low/high index pair of layers has a 
combined optical thickness of Vi the center wavelength of 
the band it is designed to reflect. Stacks of such films are 
commonly referred to as quarterwave stacks. 

To minimize optical absorption, the preferred multilayer 
stack ensures that wavelengths that would be most strongly 
absorbed by the stack are the first wavelengths reflected by 
the stack. For most clear optical materials, including most 
polymers, absorption increases toward the blue end of the 
visible spectrum. Thus, it is preferred to tune the multilayer 
stack such that the "blue" layers are on the incident side of 
the multilayer stack. 65 

A multilayer construction of alternative low and high 
index thick films, often referred to as a "pile of plates", has 
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no tuned wavelengths nor bandwidth constraints, and no 
wavelength is selectively reflected at any particular layer in 
the stack. With such a construction, the blue reflectivity 
suffers due to higher penetration into the stack, resulting in 
higher absorption than for the preferred quarterwave stack 
design. Arbitrarily increasing the number of layers in a "pile 
of plates" will not always give high reflectivity, even with 
zero absorption. Also, arbitrarily increasing the number of 
layers in any stack may not give the desired reflectivity, due 
to the increased absorption which would occur. 

The relationships between the indices of refraction in each 
film layer to each other and to those of the other layers in the 
film stack determine the reflectance behavior of the multi- 
layer stack at any angle of incidence, from any azimuthal 
direction. Assuming that all layers of the same material have 
the same indices, then a single interface of a two component 
quarterwave stack can be analyzed to understand the behav- 
ior of the entire stack as a function of angle. 

For simplicity of (discussion, therefore, the optical behav- 
ior of a single interface will be described. It shall be 
understood, however, that an actual multilayer stack accord- 
ing to the principles described herein could be made of tens, 
hundreds or thousands of layers. To describe the optical 
behavior of a single interface, such as the one shown in FIG. 
7, the reflectivity as a function of angle of incidence for s and 
p polarized light for a plane of incidence including the z-axis 
and one in-plane optic axis will be plotted. 

FIG. 7 shows two material film layers forming a single 
interface, with both immersed in an isotropic medium of 
index no. For simplicity of illustration, the present discus- 
sion will be directed toward an orthogonal multilayer bire- 
fringent system with the optical axes of the two materials 
aligned, and with one optic axis (z) perpendicular to the film 
plane, and the other optic axes along the x and y axis. It shall 
be understood, however, that the optic axes need not be 
orthogonal, and that nonorthogonal systems are well within 
the spirit and scope of the present invention. It shall be 
further understood that the optic axes also need not be 
aligned with the film axes to fall within the intended scope 
of the present invention. 

The reflectivity of a dielectric interface varies as a func- 
tion of angle of incidence, and for isotropic materials, is 
different for p and s polarized light. The reflectivity mini- 
mum for p polarized light is due to the so called Brewster 
effect, and the angle at which the reflectance goes to zero is 
referred to as Brewster's angle. 

The reflectance behavior of any film stack, at any angle of 
incidence, is determined by the dielectric tensors of all films 
involved. A general theoretical treatment of this topic is 
given in the text by R. M. A. Azzam and N. M. Bashara, 
"Ellipsometry and Polarized Light", published by North- 
Holland, 1987. 

The reflectivity for a single interface of a system is 
calculated by squaring the absolute value of the reflection 
coefficients for p and s polarized light, given by equations 1 
and 2, respectively. Equations 1 and 2 are valid for uniaxial 
orthogonal systems, with the axes of the two components 
aligned. 

nlz * n2oO(nlz 2 — no 2 sin 2 q) — nlz* nloO{n2z 2 — no 2 sin 2 q) 1) 
P n2z * n2oO(nlz 2 — no 2 sin 2 q) + nlz* nJoO(n2z 2 — no 2 sin 2 q) 

_ 0{nlo 2 - no 2 sin 2 q) - 0(n2o 2 - no 2 sm 2 q) 2 ) 
0(nJo 2 - no 2 sin 2 q) + 0(n2o 2 - no 2 sin 2 q) 

where q is measured in the isotropic medium. 

In a uniaxial birefringent system, nlx=nly=nlo, and 
n2x=n2y=n2o. 
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For a biaxial birefringent system, equations 1 and 2 are 
valid only for light with its plane of polarization parallel to 
the x-z or y-z planes, as denned in FIG. 7. So, for a biaxial 
system, for light incident in the x-z plane, nlo=nlx and 
n2o=n2x in equation 1 (for p-polarized light), and nlo=nly 
and n2o=n2y in equation 2 (for s-polarized light). For light 
incident in the y-z plane, nlo=nly and n2o=n2y in equation 
1 (for p-polarized light), and nlo=nlx and n2o=n2x in 
equation 2 (for s-polarized light). 

Equations 1 and 2 show that reflectivity depends upon the 
indices of refraction in the x, y (in-plane) and z directions of 
each material in the stack. In an isotropic material, all three 
indices are equal, thus nx=ny=nz. The relationship between 
nx, ny and nz determine the optical characteristics of the 
material. Different relationships between the three indices 
lead to three general categories of materials: isotropic, 
uniaxially birefringent, and biaxially birefringent. Equations 
1 and 2 describe biaxially birefringent cases only along the 
x or y axis, and then only if considered separately for the x 
and y directions. 

A uniaxially birefringent material is defined as one in 
which the index of refraction in one direction is different 
from the indices in the other two directions. For purposes of 
the present discussion, the convention for describing uniaxi- 
ally birefringent systems is for the condition nx=ny 2 nz. The 
x and y axes are defined as the in-plane axes and the 
respective indices, nx and ny, will be referred to as the 
in-plane indices. 

One method of creating a uniaxial birefringent system is 
to biaxially stretch (e.g., stretch along two dimensions) a 
multilayer stack in which at least one of the materials in the 
stack has its index of refraction affected by the stretching 
process (e.g., the index either increases or decreases). 
Biaxial stretching of the multilayer stack may result in 
differences between refractive indices of adjoining layers for 
planes parallel to both axes thus resulting in reflection of 
light in both planes of polarization. 

A uniaxial birefringent material can have either positive 
or negative uniaxial birefringence. Positive uniaxial bire- 
fringence occurs when the z-index is greater than the 
in-plane indices (nz>nx and ny). Negative uniaxial birefrin- 
gence occurs when the z-index is less than the in-plane 
indices (nz<nx and ny). 

A biaxial birefringent material is defined as one in which 
the indices of refraction in all three axes are different, e.g., 
nx^y^z. Again, the nx and ny indices will be referred to as 
the in-plane indices. A biaxial birefringent system can be 
made by stretching the multilayer stack in one direction. In 
other words the stack is uniaxially stretched. For purposes of 
the present discussion, the x direction will be referred to as 
the stretch direction for biaxial birefringent stacks. 
Uniaxial Birefringent Systems (Mirrors) 

The optical properties and design considerations of 
uniaxial birefringent systems will now be discussed. As 
discussed above, the general conditions for a uniaxial bire- 
fringent material are nx=ny 1 nz. Thus if each layer 102 and 
104 in FIG. 7 is uniaxially birefringent, nlx=nly and 
n2x=n2y. For purposes of the present discussion, assume 
that layer 102 has larger in-plane indices than layer 104, and 
that thus nl>n2 in both the x and y directions. The optical 
behavior of a uniaxial birefringent multilayer system can be 
adjusted by varying the values of nlz and n2z to introduce 
different levels of positive or negative birefringence. The 
relationship between the various indices of refraction can be 
measured directly, or, the general relationship may be indi- 
rectly observed by analysis of the spectra of the resulting 
film as described herein. 
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In the case of mirrors, the desired average transmission 
for light of each polarization and plane of incidence gener- 
ally depends upon the intended use of the mirror. The 
average transmission along each stretch direction at normal 
incidence for a narrow bandwidth mirror across a 100 nm 
bandwidth within the visible spectrum is desirably less than 
30%, preferably less than 20% and more preferably less than 
10%. A desirable average transmission along each stretch 
direction at normal incidence for a partial mirror ranges 
anywhere from, for example, 10% to 50%, and can cover a 
bandwidth of anywhere between, for example, 100 nm and 
450 nm, depending upon the particular application. For a 
high efficiency mirror, average transmission along each 
stretch direction at normal incidence over the visible spec- 
trum (400-700 nm) is desirably less than 10%, preferably 
less than 5%, more preferably less than 2%, and even more 
preferably less than 1%. In addition, asymmetric mirrors 
may be desirable for certain applications. In that case, 
average transmission along one stretch direction may be 
desirably less than, for example, 50%, while the average 
transmission along the other stretch direction may be desir- 
ably less than, for example 20%, over a bandwidth of, for 
example, the visible spectrum (400-700 nm), or over the 
visible spectrum and into the near infrared (e.g, 400—850 
nm). 

Equation 1 described above can be used to determine the 
reflectivity of a single interface in a uniaxial birefringent 
system composed of two layers such as that shown in FIG. 
7. Equation 2, for s polarized light, is identical to that of the 
case of isotropic films (nx=ny=nz), so only equation 1 need 
be examined. For purposes of illustration, some specific, 
although generic, values for the film indices will be 
assigned. Let nlx=nly=1.75, nlz= variable, n2x=n2y=l .50, 
and n2z=variable. In order to illustrate various possible 
Brewster angles in this system, no=1.60 for the surrounding 
isotropic media. 

FIG. 8 shows reflectivity versus angle curves for 
p-polarized light incident from the isotropic medium to the 
birefringent layers, for cases where nlz is numerically 
greater than or equal to n2z(nlz 3 n2z). The curves shown in 
FIG. 8 are for the following z-index values: a) nlz=1.75, 
n2z=1.50; b) nlz=1.75, n2z=1.57; c) nlz=1.70, n2z=1.60; d) 
nlz=1.65, n2z=1.60; e) nlz-1.61, n2z=1.60; and f) nlz= 
1.60=n2z. As nlz approaches n2z, the Brewster angle, the 
angle at which reflectivity goes to zero, increases. Curves 
a— e are strongly angular dependent. However, when nlz= 
n2z (curve f), there is no angular dependence to reflectivity. 
In other words, the reflectivity for curve f is constant for all 
angles of incidence. At that point, equation 1 reduces to the 
angular independent form: (n2o-nlo)/(n2o+nlo). When 
nlz=n2z, there is no Brewster effect and there is constant 
reflectivity for all angles of incidence. 

FIG. 9 shows reflectivity versus angle of incidence curves 
for cases where nlz is numerically less than or equal to n2z. 
Light is incident from isotropic medium to the birefringent 
layers. For these cases, the reflectivity monotonically 
increases with angle of incidence. This is the behavior that 
would be observed for s-polarized light. Curve a in FIG. 9 
shows the single case for s polarized light. Curves b— e show 
cases for p polarized light for various values of nz, in the 
following order: b) nlz=1.50, n2z=1.60; c) nlz=l. 55, n2z= 
1.60; d) nlz=1.59, n2z=1.60; and e) nlz=1.60=n2z. Again, 
when nlz=n2z (curve e), there is no Brewster effect, and 
there is constant reflectivity for all angles of incidence. 

FIG. 10 shows the same cases as FIGS. 8 and 9 but for an 
incident medium of index no =1.0 (air). The curves in FIG. 
10 are plotted for p polarized light at a single interface of a 
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positive uniaxial material of indices n2x=n2y=1.50, n2z= 
1.60, and a negative uniaxially birefringent material with 
nlx=nly=1.75, and values of nlz, in the following order, 
from top to bottom, of: a) 1.50; b) 1.55; c) 1.59; d) 1.60; f) 
1.61; g) 1.65; h) 1.70; and i) 1.75. Again, as was shown in 
FIGS. 8 and 9, when the values of nlz and n2z match (curve 
d), there is no angular dependence to reflectivity. 

FIGS. 8, 9 and 10 show that the cross-over from one type 
of behavior to another occurs when the z-axis index of one 
film equals the z-axis index of the other film. This is true for 
several combinations of negative and positive uniaxially 
birefringent, and isotropic materials. Other situations occur 
in which the Brewster angle is shifted to larger or smaller 
angles. 

Various possible relationships between in-plane indices 
and z-axis indices are illustrated in FIGS. 11, 12 and 13. The 
vertical axes indicate relative values of indices and the 
horizontal axes are used to separate the various conditions. 
Each Figure begins at the left with two isotropic films, where 
the z-index equals the in-plane indices. As one proceeds to 
the right, the in-plane indices are held constant and the 
various z-axis indices increase or decrease, indicating the 
relative amount of positive or negative birefringence. 

The case described above with respect to FIGS. 8, 9, and 
10 is illustrated in FIG. 11. The in-plane indices of material 
one are greater than the in -plane indices of material two, 
material 1 has negative birefringence (nlz less than in -plane 
indices), and material two has positive birefringence (n2z 
greater than in -plane indices). The point at which the Brew- 
ster angle disappears and reflectivity is constant for all 
angles of incidence is where the two z-axis indices are equal. 
This point corresponds to curve f in FIG. 8, curve e in FIG. 
9 or curve d in FIG. 10. 

In FIG. 12, material one has higher in-plane indices than 
material two, but material one has positive birefringence and 
material two has negative birefringence. In this case, the 
Brewster minimum can only shift to lower values of angle. 

Both FIGS. 11 and 12 are valid for the limiting cases 
where one of the two films is isotropic. The two cases are 
where material one is isotropic and material two has positive 
birefringence, or material two is isotropic and material one 
has negative birefringence. The point at which there is no 
Brewster effect is where the z-axis index of the birefringent 
material equals the index of the isotropic film. 

Another case is where both films are of the same type, i.e., 
both negative or both positive birefringent. FIG. 13 shows 
the case where both films have negative birefringence. 
However, it shall be understood that the case of two positive 
birefringent layers is analogous to the case of two negative 
birefringent layers shown in FIG. 13. As before, the Brew- 
ster minimum is eliminated only if one z-axis index equals 
or crosses that of the other film. 

Yet another case occurs where the in-plane indices of the 
two materials are equal, but the z-axis indices differ. In this 
case, which is a subset of all three cases shown in FIGS. 
11—13, no reflection occurs for s polarized light at any angle, 
and the reflectivity for p polarized light increases monotoni- 
cally with increasing angle of incidence. This type of article 
has increasing reflectivity for p-polarized light as angle of 
incidence increases, and is transparent to s-polarized light. 
This article can be referred to as a "p -polarizer". 

The above described principles and design considerations 
describing the behavior of uniaxially birefringent systems 
can be applied to create multilayer stacks having the desired 
optical effects for a wide variety of circumstances and 
applications. The indices of refraction of the layers in the 
multilayer stack can be manipulated and tailored to produce 
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devices having the desired optical properties. Many negative 
and positive uniaxial birefringent systems can be created 
with a variety of in -plane and z-axis indices, and many 
useful devices can be designed and fabricated using the 
principles described here. 
Biaxial Birefringent Systems (Polarizers) 

Referring again to FIG. 7, two component orthogonal 
biaxial birefringent systems and the design considerations 
affecting the resultant optical properties will now be 
described. Again, the system can have many layers, but an 
understanding of the optical behavior of the stack is 
achieved by examining the optical behavior at one interface. 

A biaxial birefringent system can be designed to give high 
reflectivity for light with its plane of polarization parallel to 
one axis, for a broad range of angles of incidence, and 
simultaneously have low reflectivity and high transmission 
for light with its plane of polarization parallel to the other 
axis for a broad range of angles of incidence. As a result, the 
biaxial birefringent system acts as a polarizer, transmitting 
light of one polarization and reflecting light of the other 
polarization. By controlling the three indices of refraction of 
each film, nx, ny and nz, the desired polarizer behavior can 
be obtained. Again, the indices of refraction can be mea- 
sured directly or can be indirectly observed by analysis of 
the spectra of the resulting film, as described herein. 

Referring again to FIG. 7, the following values to the film 
indices are assigned for purposes of illustration: nlx=1.88, 
nly=1.64, nlz=variable, n2x=1.65, n2y=variable, and n2z= 
variable. The x direction is referred to as the extinction 
direction and the y direction as the transmission direction. 

Equation 1 can be used to predict the angular behavior of 
the biaxial birefringent system for two important cases of 
light with a plane of incidence in either the stretch (xz plane) 
or the non-stretch (yz plane) directions. The polarizer is a 
mirror in one polarization direction and a window in the 
other direction. In the stretch direction, the large index 
differential of 1.88-1.65=0.23 in a multilayer stack with 
hundreds of layers will yield very high reflectivities for 
s-polarized light. For p-polarized light the reflectance at 
various angles depends on the nlz/n2z index differential. 

In many applications, the ideal reflecting polarizer has 
high reflectance along one axis (the so-called extinction 
axis) and zero reflectance along the other (the so-called 
transmission axis), at all angles of incidence. For the trans- 
mission axis of a polarizer, it generally desirable to maxi- 
mize transmission of light polarized in the direction of the 
transmission axis over the bandwidth of interest and also 
over the range of angles of interest. Average transmission at 
normal incidence for a colored polarizer across a 100 nm 
bandwidth is desirably at least 50%, preferably at least 70% 
and more preferably at least 90%. The average transmission 
at 60 degrees from the normal for p-polarized light 
(measured along the transmission axis) for a narrow band 
polarizer across a 100 nm bandwidth is desirably at least 
50%, preferably at least 70% and more preferably at least 
80%. 

The average transmission at normal incidence for a polar- 
izer in the transmission axis across the visible spectrum 
(400—700 nm for a bandwidth of 300 nm) is desirably at least 
50%, preferably at least 70%, more preferably at least 85%, 
and even more preferably at least 90%. The average trans- 
mission at 60 degrees from the normal (measured along the 
transmission axis) for a polarizer from 400—700 nm is 
desirably at least 50%, preferably at least 70%, more pref- 
erably at least 80%, and even more preferably at least 90%. 

For certain applications, high reflectivity in the transmis- 
sion axis at off-normal angles are preferred. The average 
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reflectivity for light polarized along the transmission axis 
should be more than 20% at an angle of at least 20 degrees 
from the normal. 

If some reflectivity occurs along the transmission axis, the 
efficiency of the polarizer at off -normal angles may be 
reduced. If the reflectivity along the transmission axis is 
different for various wavelengths, color may be introduced 
into the transmitted light. One way to measure the color is 
to determine the root mean square (RMS) value of the 
transmissivity at a selected angle or angles over the wave- 
length range of interest. The % RMS color, 
determined according to the equation: 
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where the range If to f2 is the wavelength range, or 
bandwidth, of interest^ T is the transmissivity along the 
transmission axis, and T is the average transmissivity along 
the transmission axis in the wavelength range of interest. 

For applications where a low color polarizer is desirable, 
the % RMS color should be less than f 0%, preferably less 
than 8%, more preferably less than 3.5%, and even more 
preferably less than 2.1% at an angle of at least 30 degrees 
from the normal, preferably at least 45 degrees from the 
normal, and even more preferably at least 60 degrees from 
the normal. 

Preferably, a reflective polarizer combines the desired % 
RMS color along the transmission axis for the particular 
application with the desired amount of reflectivity along the 
extinction axis across the bandwidth of interest. For 
example, for narrow band polarizers having a bandwidth of 
approximately 100 nm, average transmission along the 
extinction axis at normal incidence is desirably less than 
50%, preferably less than 30%, more preferably less than 
10%, and even more preferably less than 3%. For polarizers 
having a bandwidth in the visible range (400—700 nm, or a 
bandwidth of 300 nm), average transmission along the 
extinction axis at normal incidence is desirably less than 
40%, more desirably less than 25%, preferably less than 
15%, more preferably less than 5% and even more prefer- 
ably less than 3%. 

Reflectivity at off-normal angles, for light with its plane 
of polarization parallel to the transmission axis may be 
caused by a large z-index mismatch, even if the in-plane y 
indices are matched. The resulting system thus has large 
reflectivity for p, and is highly transparent to s polarized 
light. This case was referred to above in the analysis of the 
mirror cases as a "p polarizer". 

For uniaxially stretched polarizers, performance depends 
upon the relationships between the alternating layer indices 
for all three (x, y, and z) directions. As described herein, it 
is desirable to minimize the y and z index differentials for a 
high efficiency polarizer. Introduction of a y-index mismatch 
is describe to compensate for a z-index mismatch. Whether 
intentionally added or naturally occurring, any index mis- 
match will introduce some reflectivity. An important factor 
thus is making the x-index differential larger than the y- and 
z-index differentials. Since reflectivity increases rapidly as a 
function of index differential in both the stretch and non- 
stretch directions, the ratios Dny/Dnx and Dnz/Dnx should 
be minimized to obtain a polarizer having high extinction 
along one axis across the bandwidth of interest and also over 
a broad range of angles, while preserving high transmission 
along the orthogonal axis. Ratios of less than 0.05, 0.1 or 
0.25 are acceptable. Ideally, the ratio Dnz/Dnx is 0, but 
ratios of less than 0.25 or 0.5 also produce a useable 
polarizer. 
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FIG. 14 shows the reflectivity (plotted as -Log[l-R]) at 
75° for p polarized light with its plane of incidence in the 
non-stretch direction, for an 800 layer stack of PEN/coPEN. 
The reflectivity is plotted as function of wavelength across 
the visible spectrum (400-700 nm). The relevant indices for 
curve a at 550 nm are nly=1.64, nlz=1.52, n2y=1.64 and 
n2z=1.63. The model stack design is a linear thickness grade 
for quarterwave pairs, where each pair thickness is given by 
d /7 =d o +d o (0.003)n. All layers were assigned a random thick- 
ness error with a gaussian distribution and a 5% standard 
deviation. 

Curve a shows high off- axis reflectivity across the visible 
spectrum along the transmission axis (the y-axis) and that 
different wavelengths experience different levels of reflec- 
tivity. This is due to the large z-index mismatch (Dnz=0.11). 
Since the spectrum is sensitive to layer thickness errors and 
spatial nonuniformities, such as film caliper, this gives a 
biaxial birefringent system with a very nonuniform and 
"colorful" appearance. Although a high degree of color may 
be desirable for certain applications, it is desirable to control 
the degree of off- axis color, and minimize it for those 
applications requiring a uniform, low color appearance, such 
as liquid crystal displays or other types of displays. 

Off-axis reflectivity, and off- axis color can be minimized 
by introducing an index mismatch to the non-stretch 
in-plane indices (nly and n2y) that create a Brewster con- 
dition off axis, while keeping the s-polarization reflectivity 
to a minimum. 

FIG. 15 explores the effect of introducing a y-index 
mismatch in reducing off-axis reflectivity along the trans- 
mission axis of a biaxial birefringent system. With nlz=1.52 
and n2z=1.63 (Dnz=0.11), the following conditions are 
plotted for p polarized light: a) nly=n2y=1.64; b) nly=1.64, 
n2y=1.62; c) nly=1.64, n2y=1.66. Curve a shows the reflec- 
tivity where the in-plane indices nly and n2y are equal. 
Curve a has a reflectance minimum at 0°, but rises steeply 
after 20°. For curve b, nly>n2y, and reflectivity increases 
rapidly. Curve c, where nly<n2y, has a reflectance minimum 
at 38°, but rises steeply thereafter. Considerable reflection 
occurs as well for s polarized light for nly 1 n2y, as shown by 
curve d. Curves a— d of FIG. 15 indicate that the sign of the 
y-index mismatch (nly-n2y) should be the same as the 
z-index mismatch (nlz-n2z) for a Brewster minimum to 
exist. For the case of nly=n2y, reflectivity for s polarized 
light is zero at all angles. 

By reducing the z-axis index difference between layers, 
the off axis reflectivity can be further reduced. If nlz is equal 
to n2z, FIG. 10 indicates that the extinction axis will still 
have a high reflectivity off- angle as it does at normal 
incidence, and no reflection would occur along the non- 
stretch axis at any angle because both indices are matched 
(e.g., nly=n2y and nlz=n2z). 

Exact matching of the two y indices and the two z indices 
may not be possible in some multilayer systems. If the z-axis 
indices are not matched in a polarizer construction, intro- 
duction of a slight mismatch may be desired for in -plane 
indices nly and n2y. This can be done by blending additional 
components into one or both of the material layers in order 
to increase or decrease the respective y index as described 
below in Example 15. Blending a second resin into either the 
polymer that forms the highly birefringent layers or into the 
polymer that forms the selected polymer layers may be done 
to modify reflection for the transmission axis at normal and 
off- normal angles, or to modify the extinction of the polar- 
izer for light polarized in the extinction axis. The second, 
blended resin may accomplish this by modifying the crys- 
tallinity and the index of refraction of the polymer layers 
after orientation. 
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Another example is plotted in FIG. 16, assuming nlz= 
1.56 and n2z=1.60 (Dnz=0.04), with the following y indices 
a) nly=1.64, n2y=1.65; b) nly=1.64, n2y=1.63. Curve c is 
for s-polarized light for either case. Curve a, where the sign 
of the y-index mismatch is the same as the z-index 
mismatch, results in the lowest off-angle reflectivity. 

The computed off-axis reflectance of an 800 layer stack of 
films at 75° angle of incidence with the conditions of curve 
a in FIG. 16 is plotted as curve b in FIG. 14. Comparison of 
curve b with curve a in FIG. 14 shows that there is far less 
off- axis reflectivity, and therefore lower perceived color and 
better uniformity, for the conditions plotted in curve b. The 
relevant indices for curve b at 550 nm are nly=1.64, 
nlz=1.56, n2y=1.65 and n2z=1.60. 

FIG. 17 shows a contour plot of equation 1 which 
summarizes the off axis reflectivity discussed in relation to 
FIG. 7 for p-polarized light. The four independent indices 
involved in the non-stretch direction have been reduced to 
two index mismatches, Dnz and Dny. The plot is an average 
of 6 plots at various angles of incidence from 0° to 75° in 15 
degree increments. The reflectivity ranges from 0.4xl0~ 4 for 
contour a, to 4.0xl0~ 4 for contour j, in constant increments 
of 0.4xl0~ 4 . The plots indicate how high reflectivity caused 
by an index mismatch along one optic axis can be offset by 
a mismatch along the other axis. 

Thus, by reducing the z-index mismatch between layers 
of a biaxial birefringent systems, and/or by introducing a 
y-index mismatch to produce a Brewster effect, off-axis 
reflectivity, and therefore off-axis color, are minimized along 
the transmission axis of a multilayer reflecting polarizer. 

It should also be noted that narrow band polarizers 
operating over a narrow wavelength range can also be 
designed using the principles described herein. These can be 
made to produce polarizers in the red, green, blue, cyan, 
magenta, or yellow bands, for example. 

An ideal reflecting polarizer should transmit all light of 
one polarization, and reflect all light of the other polariza- 
tion. Unless laminated on both sides to glass or to another 
film with a clear optical adhesive, surface reflections at the 
air/re fleeting polarizer interface will reduce the transmission 
of light of the desired polarization. Thus, it may in some 
cases be useful to add an antireflection (AR) coating to the 
reflecting polarizer. The AR coating is preferably designed 
to dereflect a film of index 1.64 for PEN based polarizers in 
air, because that is the index of all layers in the nonstretch 
(y) direction. The same coating will have essentially no 
effect on the stretch direction because the alternating index 
stack of the stretch direction has a very high reflection 
coefficient irrespective of the presence or absence of surface 
reflections. Any AR coating known in the art could be 
applied, provided that the coating does not overheat or 
damage the multilayer film being coated. An exemplary 
coating would be a quarterwave thick coating of low index 
material, ideally with index near the square root of 1.64 (for 
PEN based materials). 
Materials Selection and Processing 

With the above-described design considerations 
established, one of ordinary skill will readily appreciate that 
a wide variety of materials can be used to form multilayer 
mirrors or polarizers according to the invention when pro- 
cessed under conditions selected to yield the desired refrac- 
tive index relationships. The desired refractive index rela- 
tionships can be achieved in a variety of ways, including 
stretching during or after film formation (e.g., in the case of 
organic polymers), extruding (e.g., in the case of liquid 
crystalline materials), or coating. In addition, it is preferred 
that the two materials have similar rheological properties 
(e.g., melt viscosities) such that they can be co-extruded. 
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In general, appropriate combinations may be achieved by 
selecting, as the first material, a crystalline or semi- 
crystalline material, preferably a polymer. The second 
material, in turn, may be crystalline, semi-crystalline, or 
amorphous. The second material may have a birefringence 
opposite to or the same as that of the first material. Or, the 
second material may have no birefringence. 

Specific examples of suitable materials include polyeth- 
ylene naphthalate (PEN) and isomers thereof (e.g., 2,6-, 
1,4-, 1,5-, 2,7-, and 2,3-PEN), polyalkylene terephthalates 
(e.g., polyethylene terephthalate, polybutylene 
terephthalate, and poly-l,4-cyclohexanedimethylene 
terephthalate), polyimides (e.g., polyacrylic imides), 
polyetherimides, atactic polystyrene, polycarbonates, poly- 
methacry lates (e.g., polyisobutyl methacrylate, 
polypropylmethacrylate, polyethylmethacrylate, and 
polymethylmethacrylate), polyacry lates (e.g., polybuty- 
lacrylate and poly methylacryl ate), syndiotactic polystyrene 
(sPS), syndiotactic poly-alpha-methyl styrene, syndiotactic 
polydichlorostyrene, copolymers and blends of any of these 
polystyrenes, cellulose derivatives (e.g., ethyl cellulose, 
cellulose acetate, cellulose propionate, cellulose acetate 
butyrate, and cellulose nitrate), polyalkylene polymers (e.g., 
polyethylene, polypropylene, polybutylene, 
polyisobutylene, and poly(4-methyl)pentene), fluorinated 
polymers (e.g., p e r fluo r o alko xy resins, 
polytetrafluoroethylene, fluorinated ethylene-propylene 
copolymers, poly vinylidene fluoride, and 
polychlorotrifluoroethylene), chlorinated polymers (e.g., 
polyvinylidene chloride and polyvinylchloride), 
polysulfones, polyethersulfones, polyacry lonitrile, 
polyamides, silicone resins, epoxy resins, polyvinylacetate, 
polyether-amides, ionomeric resins, elastomers (e.g., 
polybutadiene, polyisoprene, and neoprene), and polyure- 
thanes. Also suitable are copolymers, e.g., copolymers of 
PEN (e.g., copolymers of 2,6-, 1,4-, 1,5-, 2,7-, and/or 
2,3 -naphthalene dicarboxylic acid, or esters thereof, with (a) 
terephthalic acid, or esters thereof; (b) isophthalic acid, or 
esters thereof; (c) phthalic acid, or esters thereof; (d) alkane 
glycols; (e) cycloalkane glycols (e.g., cyclohexane dimetha- 
nol diol); (f) alkane dicarboxylic acids; and/or (g) cycloal- 
kane dicarboxylic acids (e.g., cyclohexane dicarboxylic 
acid)), copolymers of polyalkylene terephthalates (e.g., 
copolymers of terephthalic acid, or esters thereof, with (a) 
naphthalene dicarboxylic acid, or esters thereof; (b) isoph- 
thalic acid, or esters thereof; (c) phthalic acid, or esters 
thereof; (d) alkane glycols; (e) cycloalkane glycols (e.g., 
cyclohexane dimethanol diol); (f) alkane dicarboxylic acids; 
and/or (g) cycloalkane dicarboxylic acids (e.g., cyclohexane 
dicarboxylic acid)), and styrene copolymers (e.g., styrene- 
butadiene copolymers and styrene-acrylonitrile 
copolymers), 4,4'-bibenzoic acid and ethylene glycol. In 
addition, each individual layer may include blends of two or 
more of the above -described polymers or copolymers (e.g., 
blends of SPS and atactic polystyrene). The coPEN 
described may also be a blend of pellets where at least one 
component is a polymer based on naphthalene dicarboxylic 
acid and other components are other polyesters or 
polycarbonates, such as a PET, a PEN or a co-PEN. 

Particularly preferred combinations of layers in the case 
of polarizers include PEN/co-PEN, polyethylene terephtha- 
late (PET)/co-PEN, PEN/sPS, PET/sPS, PEN/Eastar, and 
PET/Eastar, where "co-PEN" refers to a copolymer or blend 
based upon naphthalene dicarboxylic acid (as described 
above) and Eastar is polycyclohexanedimethylene tereph- 
thalate commercially available from Eastman Chemical Co. 

Particularly preferred combinations of layers in the case 
of mirrors include PET/Ecdel, PEN/Ecdel, PEN/sPS, PEN/ 
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THV, PEN/co-PET, and PET/sPS, where "co-PET" refers to 
a copolymer or blend based upon terephthalic acid (as 
described above), Ecdel is a thermoplastic polyester com- 
mercially available from Eastman Chemical Co., and THV 
is a fluoropolymer commercially available from 3M Co. 

The number of layers in the device is selected to achieve 
the desired optical properties using the minimum number of 
layers for reasons of film thickness, flexibility and economy. 
In the case of both polarizers and mirrors, the number of 
layers is preferably less than 10,000, more preferably less 
than 5,000, and (even more preferably) less than 2,000. 

As discussed above, the ability to achieve the desired 
relationships among the various indices of refraction (and 
thus the optical properties of the multilayer device) is 
influenced by the processing conditions used to prepare the 
multilayer device. In the case of organic polymers which can 
be oriented by stretching, the devices are generally prepared 
by co-extruding the individual polymers to form a multilayer 
film and then orienting the film by stretching at a selected 
temperature, optionally followed by heat-setting at a 
selected temperature. Alternatively, the extrusion and orien- 
tation steps may be performed simultaneously. In the case of 
polarizers, the film is stretched substantially in one direction 
(uniaxial orientation), while in the case of mirrors the film 
is stretched substantially in two directions (biaxial 
orientation). 

The film may be allowed to dimension ally relax in the 
cross-stretch direction from the natural reduction in cross- 
stretch (equal to the square root of the stretch ratio) to being 
constrained (i.e., no substantial change in cross-stretch 
dimensions). The film may be stretched in the machine 
direction, as with a length orienter, in width using a tenter. 

The pre-stretch temperature, stretch temperature, stretch 
rate, stretch ratio, heat set temperature, heat set time, heat set 
relaxation, and cross-stretch relaxation are selected to yield 
a multilayer device having the desired refractive index 
relationship. These variables are inter-dependent; thus, for 
example, a relatively low stretch rate could be used if 
coupled with, e.g., a relatively low stretch temperature. It 
will be apparent to one of ordinary skill how to select the 
appropriate combination of these variables to achieve the 
desired multilayer device. In general, however, a stretch 
ratios in the range from 1:2 to 1:10 (more preferably 1:3 to 
1:7) in the stretch direction and from 1:0.5 to 1:10 (more 
preferably from 1:0.5 to 1:7) orthogonal to the stretch 
direction is preferred. 

Suitable multilayer devices may also be prepared using 
techniques such as spin coating (e.g., as described in Boese 
et al., J. Polym. Sci.: Part B, 30:1321 (1992) for birefringent 
polyimides, and vacuum deposition (e.g., as described by 
Zang et. al., Appl. Phys. Letters, 59:823 (1991) for crystal- 
line organic compounds; the latter technique is particularly 
useful for certain combinations of crystalline organic com- 
pounds and inorganic materials. 

The invention will now be described by way of the 
following examples. In the examples, because optical 
absorption is negligible, reflection equals 1 minus transmis- 
sion (R=l-T). 

EXAMPLE 1 
Polarizer 

PEN and a 70 naphthalate/30 terephthalate copolyester 
(coPEN) were synthesized in a standard polyester resin 
kettle using ethylene glycol as the diol. The intrinsic vis- 
cosity of both the PEN and the coPEN was approximately 
0.6 dl/g. Single layer films of PEN and coPEN were 
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extruded and then uniaxially stretched, with the sides 
restrained, at approximately 150° C. As extruded, the PEN 
exhibited an isotropic refractive index of about 1.65, and the 
coPEN was characterized by an isotropic refractive index of 
about 1.64. By isotropic is meant that the refractive indices 
associated with all axes in the plane of the film are substan- 
tially equal. Both refractive index values were observed at 
550 nm. After stretching at a 5:1 stretch ratio, the refractive 
index of the PEN associated with the oriented axis increased 
to approximately 1.88. The refractive index associated with 
the transverse axis dropped slightly to 1.64. The refractive 
index of the coPEN film after stretching at a 5: 1 stretch ratio 
remained isotropic at approximately 1.64. 

A satisfactory multilayer polarizer was then made of 
alternating layers of PEN and coPEN by co extrusion using 
a 51 -slot feed block which fed a standard extrusion die. The 
extrusion was run at approximately 295° C. The PEN was 
extruded at approximately 23 lb/hr and the coPEN was 
extruded at approximately 22.3 lb/hr. The PEN skin layers 
were approximately three times as thick as the layers within 
the extruded film stack. All internal layers were designed to 
have an optical Va wavelength thickness for light of about 
1300 nm. The 51 -layer stack was extruded and cast to a 
thickness of approximately 0.0029 inches, and then uniaxi- 
ally stretched with the sides restrained at approximately a 
5:1 stretch ratio at approximately 150° C. The stretched film 
had a thickness of approximately 0.0005 inches. 

The stretched film was then heat set for 30 seconds at 
approximately 230° C. in an air oven. The optical spectra 
were essentially the same for film that was stretched and for 
film that was subsequently heat set. 

EXAMPLE 2 

Polarizer 

A satisfactory 204-layered polarizer was made by extrud- 
ing PEN and coPEN in the 51 -slot feedblock as described in 
Example 1 and then employing two layer doubling multi- 
pliers in series in the extrusion. The multipliers divide the 
extruded material exiting the feed block into two half -width 
flow streams, then stack the half -width flow streams on top 
of each other. U.S. Pat. No. 3,565,985 describes similar 
coextrusion multipliers. The extrusion was performed at 
approximately 295° C. using PEN at an intrinsic viscosity of 
0.50 dl/g at 22.5 lb/hr while the coPEN at an intrinsic 
viscosity of 0.60 dl/g was run at 16.5 lb/hr. The cast web was 
approximately 0.0038 inches in thickness and was uniaxially 
stretched at a 5:1 ratio in a longitudinal direction with the 
sides restrained at an air temperature of 140° C. during 
stretching. Except for skin layers, all pairs of layers were 
designed to be Vi wavelength optical thickness for 550 nm 
light. 

Two 204-layer polarizers made as described above were 
then hand-laminated using an optical adhesive to produce a 
408-layered film stack. Preferably the refractive index of the 
adhesive should match the index of the isotropic coPEN 
layer. 

EXAMPLE 3 

PET: Ecdel, 601, Mirror 

A coextruded film containing 601 layers was made on a 
sequential flat -film-making line via a coextrusion process. A 
Polyethylene terephthalate (PET) with an Intrinsic Viscosity 
of 0.6 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 75 pounds per hour and 
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Ecdel 9966 (a thermoplastic elastomer available from East- 
man Chemical) was delivered by another extruder at a rate 
of 65 pounds per hour. The PET was on the skin layers. The 
feedblock method (such as that described in U.S. Pat. No. 
3,801,429) was used to generate 151 layers which was 5 
passed through two multipliers producing an extrudate of 
601 layers. U.S. Pat. No. 3,565,985 describes exemplary 
coextrusion multipliers. The web was length oriented to a 
draw ratio of about 3.6 with the web temperature at about 
210° F. The film was subsequently preheated to about 235° 10 
F. in about 50 seconds and drawn in the transverse direction 
to a draw ratio of about 4.0 at a rate of about 6% per second. 
The film was then relaxed about 5% of its maximum width 
in a heat-set oven set at 400° F. The finished film thickness 
was 2.5 mil. 15 

The cast web produced was rough in texture on the air 
side, and provided the transmission as shown in FIG. 18. The 
% transmission for p -polarized light at a 60° angle (curve b) 
is similar the value at normal incidence (curve a) (with a 
wavelength shift). 

For comparison, film made by Mearl Corporation, pre- 
sumably of isotropic materials (see FIG. 19) shows a notice- 
able loss in reflectivity for p -polarized light at a 60° angle 
(curve b, compared to curve a for normal incidence). 

EXAMPLE 4 

PET:Ecdel, 151, Mirror 

A coextruded film containing 151 layers was made on a 
sequential flat-film -making line via a coextrusion process. A 
Polyethylene terephthalate (PET) with an Intrinsic Viscosity 
of 0.6 dl/g (60 wt phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 75 pounds per hour and 
Ecdel 9966 (a thermoplastic elastomer available from East- 
man Chemical) was delivered by another extruder at a rate 
of 65 pounds per hour. The PET was on the skin layers. The 
feedblock method was used to generate 151 layers. The web 
was length oriented to a draw ratio of about 3.5 with the web 
temperature at about 210° F. The film was subsequently 
preheated to about 215° F. in about 12 seconds and drawn in 
the transverse direction to a draw ratio of about 4.0 at a rate 
of about 25% per second. The film was then relaxed about 
5% of its maximum width in a heat-set oven set at 400° F. 
in about 6 seconds. The finished film thickness was about 0.6 
mil. 

The transmission of this film is shown in FIG. 20. The % 
transmission for p -polarized light at a 60° angle (curve b) is 
similar the value at normal incidence (curve a) with a 
wavelength shift. At the same extrusion conditions the web 
speed was slowed down to make an infrared reflecting film 
with a thickness of about 0.8 mils. The transmission is 
shown in FIG. 21 (curve a at normal incidence, curve b at 60 
degrees). 

EXAMPLE 5 

PEN:Ecdel, 225, Mirror 

A coextruded film containing 225 layers was made by 
extruding the cast web in one operation and later orienting 60 
the film in a laboratory film-stretching apparatus. A Poly- 
ethylene naphthalate (PEN) with an Intrinsic Viscosity of 0.5 
dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 18 pounds per hour and 
Ecdel 9966 (a thermoplastic elastomer available from East- 65 
man Chemical) was delivered by another extruder at a rate 
of 17 pounds per hour. The PEN was on the skin layers. The 



feedblock method was used to generate 57 layers which was 
passed through two multipliers producing an extrudate of 
225 layers. The cast web was 12 mils thick and 12 inches 
wide. The web was later biaxially oriented using a labora- 
tory stretching device that uses a pantograph to grip a square 
section of film and simultaneously stretch it in both direc- 
tions at a uniform rate. A 7.46 cm square of web was loaded 
into the stretcher at about 100° C. and heated to 130° C. in 
60 seconds. Stretching then commenced at 100%/sec (based 
on original dimensions) until the sample was stretched to 
about 3.5x3.5. Immediately after the stretching the sample 
was cooled by blowing room temperature air on it. 

FIG. 22 shows the optical response of this multilayer film 
(curve a at normal incidence, curve b at 60 degrees). Note 
that the % transmission for p-polarized light at a 60° angle 
is similar to what it is at normal incidence (with some 
wavelength shift). 

EXAMPLE 6 
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PEN:THV 500, 449, Mirror 

A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting 
the film in a laboratory film-stretching apparatus. A Poly- 
ethylene naphthalate (PEN) with an Intrinsic Viscosity of 
0.53 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 56 pounds per hour and 
THV 500 (a ftuoropolymer available from Minnesota Min- 
ing and Manufacturing Company) was delivered by another 
extruder at a rate of 11 pounds per hour. The PEN was on the 
skin layers and 50% of the PEN was present in the two skin 
layers. The feedblock method was used to generate 57 layers 
which was passed through three multipliers producing an 
extrudate of 449 layers. The cast web was 20 mils thick and 
12 inches wide. The web was later biaxially oriented using 
a laboratory stretching device that uses a pantograph to grip 
a square section of film and simultaneously stretch it in both 
directions at a uniform rate. A 7.46 cm square of web was 
loaded into the stretcher at about 100° C. and heated to 140° 
C. in 60 seconds. Stretching then commenced at 10%/sec 
(based on original dimensions) until the sample was 
stretched to about 3.5x3.5. Immediately after the stretching 
the sample was cooled by blowing room temperature air at 
it. 

FIG. 23 shows the transmission of this multilayer film. 
Again, curve a shows the response at normal incidence, 
while curve b shows the response at 60 degrees. 

EXAMPLE 7 

PEN:CoPEN, 449 — Low Color Polarizer 

A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting 
the film in a laboratory film-stretching apparatus. A Poly- 
ethylene naphthalate (PEN) with an Intrinsic Viscosity of 
0.56 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 43 pounds per hour and 
a CoPEN (70 mol % 2,6 NDC and 30 mol % DMT) with an 
intrinsic viscosity of 0.52 (60 wt. % phenol/40 wt. % 
dichlorobenzene) was delivered by another extruder at a rate 
of 25 pounds per hour. The PEN was on the skin layers and 
40% of the PEN was present in the two skin layers. The 
feedblock method was used to generate 57 layers which was 
passed through three multipliers producing an extrudate of 
449 layers. The cast web was 10 mils thick and 12 inches 
wide. The web was later uniaxially oriented using a labo- 
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ratory stretching device that uses a pantograph to grip a 
square section of film and stretch it in one direction while it 
is constrained in the other at a uniform rate. A 7.46 cm 
square of web was loaded into the stretcher at about 100° C. 
and heated to 140° C. in 60 seconds. Stretching then 
commenced at 10%/sec (based on original dimensions) until 
the sample was stretched to about 5.5x1. Immediately after 
the stretching the sample was cooled by blowing room 
temperature air at it. 

FIG. 24 shows the transmission of this multilayer film. 
Curve a shows transmission of light polarized in the non- 
stretch direction at normal incidence, curve b shows trans- 
mission of p-polarized light at 60° incidence, and curve c 
shows transmission of light polarized in the stretch direction 
at normal incidence. Note the very high transmission of light 
polarized in the non-stretch direction at both normal and 60° 
incidence. Average transmission for curve a over 400—700 
nm is 87.1%, while average transmission for curve b over 
400—700 nm is 97.1%. Transmission is higher for 
p-polarized light at 60° incidence because the air/PEN 
interface has a Brewster angle near 60°, so the transmission 
at 60° incidence is nearly 100%. Also note the high extinc- 
tion of light polarized in the stretched direction in the visible 
range (400-700 nm) shown by curve c, where the average 
transmission is 21.0%. The % RMS color for curve a is 
1.5%. The % RMS color for curve b is 1.4%. 

EXAMPLE 8 

PENiCoPEN, 601— High Color Polarizer 

Acoextruded film containing 601 layers was produced by 
extruding the web and two days later orienting the film on 
a different tenter than described in all the other examples. A 
Polyethylene Naphthalate (PEN) with an Intrinsic Viscosity 
of 0.5 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 75 pounds per hour and 
a CoPEN (70 mol % 2,6 NDC and 30 mol % DMT) with an 
IV of 0.55 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) 
was delivered by another extruder at a rate of 65 pounds per 
hour. The PEN was on the skin layers. The feedblock 
method was used to generate 151 layers which was passed 
through two multipliers producing an extrudate of 601 
layers. U.S. Pat. No. 3,565,985 describes similar coextrusion 
multipliers. All stretching was done in the tenter. The film 
was preheated to about 280° F. in about 20 seconds and 
drawn in the transverse direction to a draw ratio of about 4.4 
at a rate of about 6% per second. The film was then relaxed 
about 2% of its maximum width in a heat-set oven set at 
460° F. The finished film thickness was 1.8 mil. 

The transmission of the film is shown in FIG. 25. Curve 
a shows transmission of light polarized in the non-stretch 
direction at normal incidence, curve b shows transmission of 
p-polarized light at 60° incidence, and curve c shows trans- 
mission of light polarized in the stretch direction at normal 
incidence. Note the nonuniform transmission of p-polarized 
light at both normal and 60° incidence. The average trans- 
mission for curve a over 400—700 nm is 84.1%, while the 
average transmission for curve b over 400—700 nm is 68.2%. 
The average transmission for curve c is 9.1%. The % RMS 
color for curve a is 1.4%, and the % RMS color for curve b 
is 11.2%. 

EXAMPLE 9 

PET: CoPEN, 449, Polarizer 

A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting 



the film in a laboratory film-stretching apparatus. A Poly- 
ethylene Terephthalate (PET) with an Intrinsic Viscosity of 
0.60 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 26 pounds per hour and 

5 a CoPEN (70 mol % 2,6 NDC and 30 mol % DMT) with an 
intrinsic viscosity of 0.53 (60 wt. % phenol/40 wt. % 
dichlorobenzene) was delivered by another extruder at a rate 
of 24 pounds per hour. The PET was on the skin layers. The 
feedblock method was used to generate 57 layers which was 

10 passed through three multipliers producing an extrudate of 
449 layers. U.S. Pat. No. 3,565,985 describes similar coex- 
trusion multipliers. The cast web was 7.5 mils thick and 12 
inches wide. The web was later uniaxially oriented using a 
laboratory stretching device that uses a pantograph to grip a 

15 square section of film and stretch it in one direction while it 
is constrained in the other at a uniform rate. A 7.46 cm 
square of web was loaded into the stretcher at about 100° C. 
and heated to 120° C. in 60 seconds. Stretching then 
commenced at 10%/sec (based on original dimensions) until 

20 the sample was stretched to about 5.0x1. Immediately after 
the stretching the sample was cooled by blowing room 
temperature air at it. The finished film thickness was about 
1.4 mil. This film had sufficient adhesion to survive the 
orientation process with no delamination. 

25 FIG. 26 shows the transmission of this multilayer film. 
Curve a shows transmission of light polarized in the non- 
stretch direction at normal incidence, curve b shows trans- 
mission of p-polarized light at 60° incidence, and curve c 
shows transmission of light polarized in the stretch direction 

30 at normal incidence. Note the very high transmission of 
p-polarized light at both normal and 60° incidence. The 
average transmission for curve a over 400—700 nm is 88.0%, 
and the average transmission for curve b over 400—700 nm 
is 91.2%. The average transmission for curve c over 

35 400-700 nm is 27.9%. The % RMS color for curve a is 
1.4%, and the % RMS color for curve b is 4.8%. 

EXAMPLE 10 

PENiCoPEN, 601, Polarizer 

40 

A coextruded film containing 601 layers was made on a 
sequential flat -film-making line via a coextrusion process. A 
Polyethylene naphthalate (PEN) with an intrinsic viscosity 
of 0.54 dl/g (60 wt % Phenol plus 40 wt % dichlorobenzene) 
45 was delivered by on extruder at a rate of 75 pounds per hour 
and the coPEN was delivered by another extruder at 65 
pounds per hour. The coPEN was a copolymer of 70 mole % 
2,6 naphthalene dicarboxylate methyl ester, 15% dimethyl 
isophthalate and 15% dimethyl terephthalate with ethylene 
50 glycol. The feedblock method was used to generate 151 
layers. The feedblock was designed to produce a gradient 
distribution of layers with a ration of thickness of the optical 
layers of 1.22 for the PEN and 1.22 for the coPEN. The PEN 
skin layers were coextruded on the outside of the optical 
55 stack with a total thickness of 8% of the coextruded layers. 
The optical stack was multiplied by two sequential multi- 
pliers. The nominal multiplication ratio of the multipliers 
were 1.2 and 1.27, respectively. The film was subsequently 
preheated to 310° F. in about 40 seconds and drawn in the 
60 transverse direction to a draw ratio of about 5.0 at a rate of 
6% per second. The finished film thickness was about 2 mils. 

FIG. 27 shows the transmission for this multilayer film. 
Curve a shows transmission of light polarized in the non- 
stretch direction at normal incidence, curve b shows trans- 
65 mission of p-polarized light at 60° incidence, and curve c 
shows transmission of light polarized in the stretch direction 
at normal incidence. Note the very high transmission of 
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p-polarized light at both normal and 60° incidence 
(80-100%). Also note the very high extinction of light 
polarized in the stretched direction in the visible range 
(400-700 nm) shown by curve c. Extinction is nearly 100% 
between 500 and 650 nm. 
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EXAMPLE 11 

PEN:sPS, 481, Polarizer 

A 481 layer multilayer film was made from a polyethylene 
naphthalate (PEN) with an intrinsic viscosity of 0.56 dl/g 
measured in 60 wt. % phenol and 40 wt % dichlorobenzene 
purchased from Eastman Chemicals and a syndiotactic poly- 
styrene (sPS) homopolymer (weight average molecular 
weight=200,000 Daltons, sampled from Dow Corporation). 
The PEN was on the outer layers and was extruded at 26 
pounds per hour and the sPS at 23 pounds per hour. The 
feedblock used produced 61 layers with each of the 61 being 
approximately the same thickness. After the feedblock three 
(2x) multipliers were used. Equal thickness skin layers 
containing the same PEN fed to the feedblock were added 
after the final multiplier at a total rate of 22 pounds per hour. 
The web was extruded through a 12" wide die to a thickness 
or about 0.011 inches (0.276 mm). The extrusion tempera- 
ture was 290° C. 

This web was stored at ambient conditions for nine days 
and then uniaxially oriented on a tenter. The film was 
preheated to about 320° F. (160° C.) in about 25 seconds and 
drawn in the transverse direction to a draw ratio of about 6:1 
at a rate of about 28% per second. No relaxation was allowed 
in the stretched direction. The finished film thickness was 
about 0.0018 inches (0.046 mm). 

FIG. 28 shows the optical performance of this PENisPS 
reflective polarizer containing 481 layers. Curve a shows 
transmission of light polarized in the non-stretch direction at 
normal incidence, curve b shows transmission of p-polarized 
light at 60° incidence, and curve c shows transmission of 
light polarized in the stretch direction at normal incidence. 
Note the very high transmission of p-polarized light at both 
normal and 60° incidence. Average transmission for curve a 
over 400-700 nm is 86.2%, the average transmission for 
curve b over 400-700 nm is 79.7%. Also note the very high 
extinction of light polarized in the stretched direction in the 
visible range (400-700 nm) shown by curve c. The film has 
an average transmission of 1.6% for curve c between 400 
and 700 nm. The % RMS color for curve a is 3.2%, while 
the % RMS color for curve b is 18.2%. 

EXAMPLE 12 

PET:Ecdel, 601, Mirror 

A coextruded film containing 601 layers was made on a 
sequential flat-film -making line via a coextrusion process. A 
Polyethylene terephthalate (PET) with an Intrinsic Viscosity 
of 0.6 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered to the feedblock at a rate of 75 pounds per hour and 
Ecdel 9967 (a thermoplastic elastomer available from East- 
man Chemical) was delivered at a rate of 60 pounds per 
hour. The PET was on the skin layers. The feedblock method 
was used to generate 151 layers which was passed through 
two multipliers producing an extrudate of 601 layers. The 
multipliers had a nominal multiplication ratio of 1.2 (next to 
feedblock) and 1.27. Two skin layers at a total throughput of 
24 pounds per hour were added symmetrically between the 
last multiplier and the die. The skin layers were composed 
of PET and were extruded by the same extruder supplying 
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the PET to the feedblock. The web was length oriented to a 
draw ratio of about 3.3 with the web temperature at about 
205° F. The film was subsequently preheated to about 205° 
F. in about 35 seconds and drawn in the transverse direction 
to a draw ratio of about 3.3 at a rate of about 9% per second. 
The film was then relaxed about 3% of its maximum width 
in a heat-set oven set at 450° F. The finished film thickness 
was about 0.0027 inches. 

The film provided the optical performance as shown in 
FIG. 29. Transmission is plotted as curve a and reflectivity 
is plotted as curve b. The luminous reflectivity for curve b 
is 91.5%. 

EXAMPLE 13 
PEN:CoPEN, 601, Antireflected Polarizer 

A coextruded film containing 601 layers was made on a 
sequential flat-film-making line via a coextrusion process. A 
Polyethylene naphthalate (PEN) with an intrinsic viscosity 
of 0.54 dl/g (60 wt % Phenol plus 40 wt % dichlorobenzene) 
was delivered by on extruder at a rate of 75 pounds per hour 
and the coPEN was delivered by another extruder at 65 
pounds per hour. The coPEN was a copolymer of 70 mole % 
2,6 naphthalene dicarboxylate methyl ester, 30% dimethyl 
terephthalate with ethylene glycol. The feedblock method 
was used to generate 151 layers. The PEN skin layers were 
coextruded on the outside of the optical stack with a total 
thickness of 8% of the coextruded layers. The feedblock was 
designed to make a linear gradient in layer thickness for a 
149 layer optical stack with the thinnest layers on one side 
of the stack. The individual layer thicknesses were designed 
in pairs to make equal thickness layers of the PEN and 
coPEN for each pair. Each pair thickness, d, was determined 
by the formula d=d o +d o *0.003*n, where d 0 is the minimum 
pair thickness, and n is the pair number between 1 and 75. 
The optical stack was multiplied by two sequential multi- 
pliers. The nominal multiplication ratio of the multipliers 
were 1.2 and 1.27, respectively. The film was subsequently 
preheated to 320° F. in about 40 seconds and drawn in the 
transverse direction to a draw ratio of about 5.0 at a rate of 
6% per second. The finished film thickness was about 2 mils. 

Asilical sol gel coating was then applied to one side of the 
reflecting polarizer film. The index of refraction of this 
coating was approximately 1.35. Two pieces of the AR 
coated reflecting polarizer film were cut out and the two 
were laminated to each other with the AR coatings on the 
outside. Transmission spectra of polarized light in the 
crossed and parallel directions were obtained. The sample 
was then rinsed with a 2% solution of ammonium bifluoride 
(NH4 HF2) in deonized water to remove the AR coating. 
Spectra of the bare multilayer were then taken for compari- 
son to the coated sample. 

FIG. 30 shows the spectra of the coated and uncoated 
polarizer. Curves a and b show the transmission and 
extinction, respectively, of the AR coated reflecting 
polarizer, and curves c and d show the transmission and 
extinction, respectively, of the uncoated reflecting polarizer. 
Note that the extinction spectrum is essentially unchanged, 
but that the transmission values for the AR coated polarizer 
are almost 10% higher. Peak gain was 9.9% at 565 nm, while 
the average gain from 425 to 700 nm was 9.1%. Peak 
transmission of the AR coated polarizer was 97.0% at 675 
nm. Average transmissions for curve a over 400—700 nm was 
95.33%, and average transmission for curve d over 400-700 
nm was 5.42%. 

EXAMPLE 14 
PET: Ecdel, 601, Polarizer 

A coextruded film containing 601 layers was made on a 
sequential flat-film-making line via a coextrusion process. A 
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polyethylene terephthalate (PET) with an Intrinsic Viscosity 
of 0.6 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered to a feedblock by one extruder at a rate of 75 
pounds per hour and Ecdel 9967 (a thermoplastic elastomer 
available from Eastman Chemical) was delivered to the 
feedblock by another extruder at a rate of 60 pounds per 
hour. The PET was on the skin layers. The feedblock method 
was used to generate 151 layers which passed through two 
multipliers (2x) producing an extrudate of 601 layers. Aside 
stream with a throughput of 50 pounds per hour was taken 
from the PET extruder and used to add two skin layers 
between the last multiplier and the die. The web was length 
oriented to a draw ratio of about 5.0 with the web tempera- 
ture at about 210° F. The film was not tentered. The finished 
film thickness was about 2.7 mil. 

FIG. 31 shows the transmission for this film. Curve a 
shows the transmission of light polarized in the stretch 
direction, while curve b shows the transmission of light 
polarized orthogonal to the stretch direction. The average 
transmission from 400—700 nm for curve a is 39.16%. 

EXAMPLE 15 

PEN: CoPEN, 449, Polarizers 

A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting 
the film in a laboratory film -stretching apparatus. A poly- 
ethylene naphthalate (PEN) with an Intrinsic Viscosity of 
0.53 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 26.7 pounds per hour 
to the feedblock and a different material was delivered by 
second extruder at a rate of 25 pounds per hour to the 
feedblock. The PEN was the skin layers. The feedblock 
method was used to generate 57 layers which passed through 
three multipliers producing an extrudate of 449 layers. The 
cast web was 0.0075 mils thick and 12 inches wide. The web 
was later uniaxially oriented using a laboratory stretching 
device that uses a pantograph to grip a square section of film 
and stretch it in one direction at a uniform rate while it is 
constrained in the other. A7.46 cm square of web was loaded 
into the stretcher at about 100° C. and heated to 140° C. for 
60 seconds. Stretching then commenced at 10%/sec (based 
on original dimensions) until the sample was stretched to 
about 5.5x1. Immediately after stretching, the sample was 
cooled by blowing room temperature air at it. 

The input to the second extruder was varied by blending 
pellets of the following poly(ethylene esters) three materials: 
(i) a CoPEN (70 mol % 2,6-napthalene dicarboxylate and 30 
mol % terephthalate) with an intrinsic viscosity of 0.52 (60 
wt. % phenol/40 wt. % dichlorobenzene); (ii) the PEN, same 
material as input to first extruder; (iii) a PET, with an 
intrinsic viscosity of 0.95 (60 wt. % phenol/40 wt. % 
dichlorobenzene). TTF 9506 purchased from Shell. 

For the film shown in FIG. 32 A the input to the second 
extruder was 80 wt % of the CoPEN and 20 wt % of the 
PEN; for the film shown in FIG. 32B the input to the second 
extruder was 80 wt % of the CoPEN and 20 wt % of the PET; 
for the film shown in FIG. 32C the input to the second 
extruder was CoPEN. 

FIGS. 32 A, 32B, and 32C show the transmission of these 
multilayer films where curve a shows transmission of light 
polarized in the non-stretch direction at normal incidence, 
curve b shows transmission of p-polarized light polarized in 
the non-stretched direction at 60° incidence, and curve c 
shows transmission of light polarized in the stretch direction 
at normal incidence. Note that the optical response of these 
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films is sensitive to the chemical composition of the layers 
from the second extruder. The average transmission for 
curve c in FIG. 32Ais 43.89%, the average transmission for 
curve c in FIG. 32B is 21.52%, and the average transmission 
for curve c in FIG. 32C is 12.48%. Thus, extinction is 
increased from FIG. 32A to FIG. 32C. 

For the examples using the 57 layer feedblock, all layers 
were designed for only one optical thickness QA of 550 nm), 
but the extrusion equipment introduces deviations in the 
layer thicknesses throughout the stack resulting in a fairly 
broadband optical response. For examples made with the 
151 layer feedblock, the feedblock is designed to create a 
distribution of layer thicknesses to cover a portion of the 
visible spectrum. Asymmetric multipliers were then used to 
broaden the distribution of layer thicknesses to cover most 
of the visible spectrum as described in U.S. Pat. Nos. 
5,094,788 and 5,094,793. 

EXAMPLE 16 

PEN:sPS, 481, Reflective/Dichroic Polarizer 

A coextruded film containing 481 layers was made from 
2,6-polyethlyne naphthalate purchased from Eastman 
Chemicals with an intrinsic viscosity of 0.56 dl/g measured 
in 60 wt % phenol and 40 wt % dichlorobenzene, and a 
syndiotactic polystyrene homopolymer (weight average 
molecular weight of 200,000 Daltons, sampled from Dow 
Corporation. The PEN was the outer layers and was 
extruded at 26 pounds per hour and the sPS was extruded at 
23 pounds per hour. The feedblock used produced 61 layers 
with each of the 61 layers being approximately the same 
thickness. After the feedblock, three, 2x multipliers were 
used. U.S. Pat. No. 3,565,985 describes similar multipliers. 
Equal thickness skin layers containing the same 2,6- 
polyethylene naphthalate fed to the feedblock were added 
after the final multiplier at a total rate of 22 pounds per hour. 
The web was extruded through a 12" wide die to a thickness 
of about 0.01 inches (0.276 mm). The extrusion temperature 
was 296 degrees C. 

The cast web was coated at about 2 feet per minute using 
a doctor blade with a 1 mil gap with a primer layer of 4.8% 
sulfopolyester WB 50 and 0.1% Triton X100 in water. This 
was dried for 2 minutes at 50 degrees C. in a forced air oven, 
then coated at about 2 feet pre minute with a doctor blade 
with a 2 mil gap with a solution of about 200 grams of Air 
Products #107 polyvinyl alcohol in 1.1 liters of de ionized 
water. The film was dried for 5 minutes in a 50 degree C. 
forced air oven. The coated web was uniaxially oriented 
using a laboratory stretching device that uses a pantograph 
to grip a 7.46 cm square section of the coated cast film. The 
sides of the film were constrained during stretching. The 
sample was loaded into the stretcher at 100 degrees C. and 
heated to 120 degrees C. in 60 seconds. The film was 
stretched in one direction at about 10% per second (based on 
the original dimension). The final stretch ratio was about 5.5 
to 1. Immediately after stretching the sample was cooled by 
blowing room temperature air on it. The finished film 
thickness was about 2.0 mils for the reflective polarizer, and 
0.3 mil for the dichroic polarizer. The multilayer film and the 
coating has sufficient adhesion to allow orientation without 
delamination. The coated, oriented film was stained for 20 
seconds in a 35 degree C. solution of 0.4% iodine and 21% 
potassium iodide in deionized water. The film was removed 
from the solution, the excess allowed to drain, and then 
placed into a 65 degree C. solution of 5% boric acid and 15% 
borax in water for 60 seconds. The sample was then dried in 
air at room temperature. 
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The optical characteristics of the sample was measured 
with a Perkin-Elmer Lambda 19 using an integrating sphere 
attachment. The reflectivity of the coated reflective polarizer 
from the reflective polarizer side was (averaged from 400 to 
700 nm) 8.2% for the transmitted polarization and 98.5% for 
the reflected polarization. Average reflectivity from the 
dichroic polarizer side was 7.5% for the high absorption 
polarization and 4.7% for the transmitted polarization. Aver- 
age transmission for the high transmission polarization was 
74.6%, and for the high extinction polarization, 0.58%. 

Synthesis of Sulfopolyester WB 50: A one gallon poly- 
ester kettle was charged with 111.9 g (5.5 mole %) sodio- 
sulfoisophthalic acid, 592.1 g (47.0 mole %) terephthalic 
acid, 598.4 g (47.5 mole %) isophthalic acid, 705 g ethylene- 
glycol, 59.9 g neopentyl glycol, 0.7 g antimony oxide, and 
2.5 g sodium acetate. The mixture was heated with stirring 
to 230 C. at 50 psi under nitrogen for 2 hours, during which 
time water evolution was observed. The temperature was 
increased to 250 C. and the pressure was then reduced, 
vacuum applied (0.2 Torr), and the temperature increased to 
270 C. The viscosity of the material increased over a period 
of 45 minutes, after which time a high molecular weight, 
clear, visous sulfopolyester was drained. This sulfopolyester 
was found by differential scanning calorimetry to have a Tg 
of 70.3 C. The theoretical sulfonate equivalent weight was 
3847 g polymer per mole of sulfonate. 500 g of polymer was 
dissolved in a mixture of 2000 g water and 450 g isopro- 
panol at 80 C. The temperature was then raised to 95 C. in 
order to remove the isopropanol (and a portion of the water), 
yielding a 22% solids aqueous dispersion. 

Although the preferred reflective polarizer body 12 has 
been described as a multilayer stack of polymeric materials, 
it shall be understood that other reflective polarizers could 
be substituted therefore without departing from the scope of 
the present invention. Other reflective polarizers include 
cholesteric liquid crystal polarizers using an optical retarder 
placed between the reflective polarizer and dichroic 
polarizer, tilted optic prismatic and non-prismatic multilayer 
polarizers, and first-order diffractive polarizers. 

Thus, although the present optical polarizer has been 
described with reference to the preferred embodiment, those 
skilled in the art will readily appreciate that other embodi- 
ments may be utilized and changes made in form and detail 
without departing from the spirit and scope of the present 
invention. 

We claim: 

1. A method for manufacturing a polarizer, comprising the 
steps of: 

providing a reflective polarizer film including a polymeric 
material that becomes birefringent upon stretching; 

coating polyvinyl alcohol onto the reflective polarizer 
film; and 

stretching the coated reflective polarizer film to orient 
both the polymeric material of the reflective polarizer 
film and the polyvinyl alcohol. 

2. A method as recited in claim 1, further comprising the 
step of staining the oriented polyvinyl alcohol. 
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3. A method as recited in claim 2, wherein the polyvinyl 
alcohol is stained using a dye based staining solution. 

4. A method as recited in claim 1, further comprising the 
step of priming the reflective polarizer film prior to coating 
the polyvinyl alcohol to improve adhesion of the polyvinyl 
alcohol to the reflective polarizing film. 

5. A method as recited in claim 1, wherein the reflective 
polarizer film further comprises a second polymeric mate- 
rial. 

6. A method as recited in claim 5, wherein the reflective 
polarizer film comprises alternating layers of the birefrin- 
gent material and the second material. 

7. A method as recited in claim 5, wherein the second 
material is isotropic. 

8. A method as recited in claim 4, wherein the stretching 
step is performed at a temperature above the glass transition 
temperature of at least one of the birefringent material and 
the second material. 

9. A method as recited in claim 1, wherein the polyvinyl 
alcohol is continuously coated onto a cast web of the 
reflective polarizer film. 

10. A method as recited in claim 7, wherein the stretching 
step comprises the step of stretching the coated web of the 
reflective polarizer in the cross-web direction using a tenter. 

11. A method as recited in claim 1, wherein the stretching 
step is performed at a temperature sufficient to orient the 
polyvinyl alcohol and induce birefringence in the birefrin- 
gent material. 

12. A method as recited in claim 1, wherein the stretching 
step comprises the step of stretching the coated reflective 
polarizer film in a first direction while allowing the coated 
reflective polarizer film to dimensionally relax in a second 
direction. 

13. A method as recited in claim 1 where in the stretching 
step is performed at a temperature between 100 and 160° C. 

14. A method as recited in claim 1 wherein the coated 
reflective polarizer film is stretched from 3 to 6 times its 
dimension prior to stretching. 

15. A polarizer manufactured according to the process of 
claim 1. 

16. A display incorporating the polarizer of claim 1. 

17. A display as recited in claim 16, further comprising an 
optical cavity wherein the polarizer is laminated to the 
optical cavity. 

18. A display as recited in claim 16, further comprising an 
optical cavity and a display module, the polarizer being 
disposed between the optical cavity and the display module. 

19. A display as recited in claim 18, wherein the polarizer 
is disposed as a rear polarizer in a transmissive display. 

20. A method for manufacturing a polarizer comprising 
the step of simultaneously stretching a film having a first 
material which becomes birefringent upon stretching to form 
a reflective polarizer and a second material used to form a 
dichroic polarizer. 

21. A method as recited in claim 20, wherein the second 
material comprises polyvinyl alcohol. 
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ABSTRACT 



Birefringent optical films have a Brewster angle (the angle 
at which reflectance of p-polarized light goes to zero) which 
is very large or is nonexistent. This allows for the construc- 
tion of multilayer mirrors and polarizers whose reflectivity 
for p-polarized light decreases slowly with angle of 
incidence, are independent of angle of incidence, or increase 
with angle of incidence away from the normal. As a result, 
multilayer films having high reflectivity (for both planes of 
polarization for any incident direction in the case of mirrors, 
and for the selected direction in the case of polarizers) over 
a wide bandwidth, can be achieved. 

31 Claims, 32 Drawing Sheets 
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OPTICAL FILM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a continuation of application Ser. No. 09/527,452 5 
filed Mar. 17, 2000, now U.S. Pat. No. 6,296,927, which is 
a divisional of Ser. No. 09/145,371, filed on Sep. 2, 1998 
(U.S. Pat. No. 6,117,530), which is a continuation of Ser. 
No. 08/402,041, filed Mar. 10, 1995 (U.S. Pat. No. 5,882, 
774), which is a continuation-in-part of application Ser. No. 10 
08/359,436, filed Dec. 20, 1994 (abandoned), which is a 
continuation-in-part of application Ser. No. 08/171,239, 
filed Dec. 21, 1993 (abandoned). 

BACKGROUND 15 

The present invention relates to optical films useful, e.g., 
as polarizers and/or mirrors. 

Light-reflecting devices based upon multiple polymeric 
layers are known. Examples of such devices include polar- 2Q 
izers made of alternating polymeric layers in which the 
layers have different refractive indices. 

SUMMARY 

The optical properties and design considerations of bire- 2 5 
fringent optical films described herein allow the construction 
of multilayer stacks for which the Brewster angle (the angle 
at which reflectance of p-polarized light goes to zero) is very 
large or is nonexistant. This allows for the construction of 
multilayer mirrors and polarizers whose reflectivity for 30 
p-polarized light decreases slowly with angle of incidence, 
are independent of angle of incidence, or increase with angle 
of incidence away from the normal. As a result, multilayer 
films having high reflectivity (for both s and p polarized light 
for any incident direction in the case of mirrors, and for the 35 
selected direction in the case of polarizers) over a wide 
bandwidth, can be achieved. 

Briefly, in one aspect the present invention provides a 
multilayered polymer film comprising layers of a crystalline 
or semi-crystalline naphthalene dicarboxylic acid polyester, 40 
for example a 2,6-polyethylene naphthalate ("PEN") or a 
copolymer derived from ethylene glycol, naphthalene dicar- 
boxylic acid and some other acids such as terephthalate 
("co-PEN"), with a positive stress optical coefficient, i.e. 
upon stretching its index of refraction in the stretch direction 45 
increases, having an average thickness of not more than 0.5 
microns; and layers of a selected second polymer, for 
example a polyethylene terephthalate ("PET") or a co-PEN, 
having an average thickness of not more than 0.5 microns. 
Preferably, after stretching of the films of this invention in 50 
at least one direction, the layers of said naphthalene dicar- 
boxylic acid polyester have a higher index of refraction 
associated with at least one in-plane axis than the layers of 
the second polymer. The film of this invention can be used 
to prepare multilayer films having an average reflectivity of 55 
at least 50% over at least a 100 nm wide band. 

In another aspect, the present invention provides a mul- 
tilayered polymer film comprising layers of a crystalline or 
semi-crystalline polyester, for example a PET, having an 
average thickness of not more than 0.5 microns: and layers 60 
of a selected second polymer, for example a polyester or a 
polystyrene, having an average thickness of not more than 
0.5 microns: wherein said film has been stretched in at least 
one direction to at least twice that direction's unstretched 
dimension. The film of this invention can be used to prepare 65 
multilayer films having an average reflectivity of at least 
50% over at least a 100 nm wide band. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be further explained with reference to 
the drawings. 

FIGS, la and lb are diagrammatical views of the polar- 
izer of the present invention. 

FIG. 2 is a graphical view illustrating the refractive 
indices characteristics of the PEN and coPEN layers of the 
present invention. 

FIG. 3 is a graphical view of computer simulated data of 
percent transmission of a 50-layer PEN/coPEN film stack 
based on the indices shown in FIG. 2. 

FIG. 4 is a graphical view of computer simulated data of 
percent transmission of an equally biaxially stretched 300- 
layer PEN/coPET mirror. 

FIG. 5 is a graphical view of percent measured transmis- 
sion of a 51 -layer I.R. polarizer of the present invention with 
the first order peak near 1,300 nm. 

FIG. 6 is a graphical view of percent measured transmis- 
sion of eight 51 -layer polarizers of the present invention 
laminated together. 

FIG. 7 is a graphical view of percent measured transmis- 
sion of a 204-layer polarizer of the present invention. 

FIG. 8 is a graphical view of percent measured transmis- 
sion of two 204-layer polarizers of the present invention 
laminated together. 

FIG. 9 is a schematic view of an overhead projector of the 
present invention. 

FIG. 10 shows a two layer stack of films forming a single 
interface. 

FIGS. 11 and 12 show reflectivity versus angle curves for 
a uniaxial birefringent system in a medium of index 1.60. 

FIG. 13 shows reflectivity versus angle curves for a 
uniaxial birefringent system in a medium of index 1.0. 

FIGS. 14, 15 and 16 show various relationships between 
in-plane indices and z-index for a uniaxial birefringent 
system. 

FIG. 17 shows off axis reflectivity versus wavelength for 
two different biaxial birefringent systems. 

FIG. 18 shows the effect of introducing a y-index differ- 
ence in a biaxial birefringent film with a large z-index 
difference. 

FIG. 19 shows the effect of introducing a y-index differ- 
ence in a biaxial birefringent film with a smaller z-index 
difference. 

FIG. 20 shows a contour plot summarizing the informa- 
tion from FIGS. 18 and 19: 

FIGS. 21-26 show optical performance of multilayer 
mirrors given in Examples 3-6; 

FIGS. 27-31 show optical performance of multilayer 
polarizers given in Examples 7-11: 

FIG. 32 shows the optical performance of the multilayer 
mirror given in Example 12; 

FIG. 33 shows the optical performance of the AR coated 
multilayer reflective polarizer of Example 13; 

FIG. 34 shows the optical performance of the multilayer 
reflective polarizer of Example 14; and 

FIGS. 35a— c show optical performance of multilayer 
polarizers given in Example 15. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

The present invention as illustrated in FIGS, la and lb 
includes a multilayered polymeric sheet 10 having alternat- 
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ing layers of a crystalline naphthalene dicarboxylic acid 
polyester such as 2.6 polyethylene naphthalate (PEN) 12 and 
a selected polymer 14 useful as a reflective polarizer or 
mirror. By stretching PEN-selected polymer over a range of 
uniaxial to biaxial orientation, a film is created with a range 5 
of reflectivities for differently oriented plane-polarized inci- 
dent light. If stretched biaxially, the sheet can be stretched 
asymmetrically along orthogonal axes or symmetrically 
along orthogonal axes to obtain desired polarizing and 
reflecting properties. 10 

For the polarizer, the sheet is preferably oriented by 
stretching in a single direction and the index of refraction of 
the PEN layer exhibits a large difference between incident 
light rays with the plane of polarization parallel to the 
oriented and transverse directions. The index of refraction 15 
associated with an in-plane axis (an axis parallel to the 
surface of the film) is the effective index of refraction for 
plane-polarized incident light whose plane of polarization is 
parallel to that axis. By oriented direction is meant the 
direction in which the film is stretched. By transverse 20 
direction is meant that direction orthogonal in the plane of 
the film to the direction in which the film is oriented. 

PEN is a preferred material because of its high positive 
stress optical coefficient and permanent birefringence after 
stretching, with the refractive index for polarized incident 
light of 550 nm wavelength increasing when the plane of 
polarization is parallel to the stretch direction from about 
1.64 to as high as about 1.9. The differences in refractive 
indices associated with different in-plane axes exhibited by 
PEN and a 70-naphthalate/30-terephthalate copolyester 
(coPEN) for a 5:1 stretch ratio are illustrated in FIG. 2. In 
FIG. 2, the data on the lower curve represent the index of 
refraction of PEN in the transverse direction and the coPEN 
while the upper curve represents the index of refraction of 
PEN in the stretch direction. PEN exhibits a difference in 
refractive index of 0.25 to 0.40 in the visible spectrum. The 
birefringence (difference in refractive index) can be 
increased by increasing the molecular orientation. PEN is 
heat stable from about 155° C. up to about 230° C. depend- 
ing upon shrinkage requirements of the application. 
Although PEN has been specifically discussed above as the 
preferred polymer for the birefringent layer, polybutylene 
naphthalate is also a suitable material as well as other 
crystalline naphthalene dicarboxylic polyesters. The crys- 
talline naphthalene dicarboxylic polyester should exhibit a 
difference in refractive indices associated with different 
in-plane axes of at least 0.05 and preferably above 0.20. 

Minor amounts of comonomers may be substituted into 
the naphthalene dicarboxylic acid polyester so long as the 
high refractive index in the stretch direction(s) is not sub- 
stantially compromised. A drop in refractive index (and 
therefore decreased reflectivity) may be counter balanced by 
advantages in any of the following: adhesion to the selected 
polymer layer, lowered temperature of extrusion, better 
match of melt viscosities, better match of glass transition 
temperatures for stretching. Suitable monomers include 
those based on isophthalic, azelaic, adipic, sebacic, 
dibenzoic, terephthalic, 2,7-naphthalene icarboxylic, 2,6- 
naphthalene dicarboxylic or cyclohexanedicarboxylic acids. 6Q 

The PEN/selected polymer resins of the present invention 
preferably have similar melt viscosities so as to obtain 
uniform multilayer coextrusion. The two polymers prefer- 
ably have a melt viscosity within a factor of 5 at typical shear 
rates. 65 

The PEN and the preferred selected polymer layers of the 
present invention exhibit good adhesion properties to each 
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other while still remaining as discrete layers within the 
multilayered sheet. 

The glass transition temperatures of the polymers of the 
present invention are compatible so adverse effects such as 
cracking of one set of polymer layers during stretching does 
not occur. By compatible is meant that the glass transition 
temperature of the selected polymer is lower than the glass 
transition temperature of the PEN layer. The glass transition 
temperature of the selected polymer layer temperature may 
be slightly higher than the glass transition temperature of the 
PEN layer, but by no more than 40° C. 

Preferably, the layers have a Va wavelength thickness with 
different sets of layers designed to reflect different wave- 
length ranges. Each layer does not have to be exactly Va 
wavelength thick. The overriding requirement is that the 
adjacent low-high index film pair have a total optical thick- 
ness of 0.5 wavelength. The bandwidth of a 50-layer stack 
of PEN/coPEN layers having the index differential indicated 
in FIG. 2, with layer thicknesses chosen to be a Va wave- 
length of 550 nm, is about 50 nm. This 50-layer stack 
provides roughly a 99 percent average reflectivity in this 
wavelength range with no measurable absorption. A 
computer-modeled curve showing less than 1 percent trans- 
mission (99 percent reflectivity) is illustrated in FIG. 3. 
FIGS. 3-8 include data characterized as percent transmis- 
sion. It should be understood that since there is no measur- 
able absorb ance by the film of the present invention that 
percent reflectivity is approximated by the following rela- 
tionship: 

100-(percent transmission)=(percent reflectivity). 

The preferred selected polymer layer 14 remains isotropic 
in refractive index and substantially matches the refractive 
index of the PEN layer associated with the transverse axis as 
illustrated in FIG. la. Light with its plane of polarization in 
this direction will be predominantly transmitted by the 
polarizer while light with its plane of polarization in the 
oriented direction will be reflected as illustrated in FIG. lb. 

The reflective polarizer of the present invention is useful 
in optical elements such as ophthalmic lenses, mirrors and 
windows. The polarizer is characterized by a mirror-like 
look which is considered stylish in sunglasses. In addition. 
PEN is a very good ultraviolet filter, absorbing ultraviolet 
efficiently up to the edge of the visible spectrum. The 
reflective polarizer of the present invention would also be 
useful as a thin infrared sheet polarizer. 

For the polarizer, the PEN/selected polymer layers have at 
least one axis for which the associated indices of refraction 
are preferably substantially equal. The match of refractive 
indices associated with that axis, which typically is the 
transverse axis, results in substantially no reflection of light 
in that plane of polarization. The selected polymer layer may 
also exhibit a decrease in the refractive index associated 
with the stretch direction. A negative birefringence of the 
selected polymer has the advantage of increasing the differ- 
ence between indices of refraction of adjoining layers asso- 
ciated with the orientation axis while the reflection of light 
with its plane of polarization parallel to the transverse 
direction is still negligible. Differences between the 
transverse -axis- associated indices of refraction of adjoining 
layers after stretching should be less than 0.05 and prefer- 
ably less than 0.02. Another possibility is that the selected 
polymer exhibits some positive birefringence due to 
stretching, but this can be relaxed to match the refractive 
index of the transverse axis of the PEN layers in a heat 
treatment. The temperature of this heat treatment should not 
be so high as to relax the birefringence in the PEN layers. 



US 6,635 

5 

The preferred selected polymer for the polarizer of the 
present invention is a copoly ester of the reaction product of 
a naphthalene dicarboxylic acid or its ester such as dimethyl 
naphthalate ranging from 20 mole percent to 80 mole 
percent and isophthalic or terephthalic acid or their esters 5 
such as dimethyl terephthalate ranging from 20 mole percent 
to 80 mole percent reacted with ethylene glycol. Other 
copolyesters within the scope of the present invention have 
the properties discussed above and have a refractive index 
associated with the transverse axis of approximately 1.59 to 10 
1.69. Of course, the copolyester must be coextrudable with 
PEN. Other suitable copolyesters are based on isophthalic, 
azelaic, adipic, sebacic, dibenzoic, terephthalic, 2.7- 
naphthalene dicarboxylic, 2.6-naphthalene dicarboxylic or 
cyclohexanedicarboxylic acids. Other suitable variations in 15 
the copolyester include the use of ethylene glycol, propane 
diol, butane diol, neopentyl glycol, polyethylene glycol, 
tetr amethylene glycol, diethylene glycol, 
cyclohexanedimethanol, 4-hydroxy diphenol, propane diol, 
bisphenol A, and 1.8-dihydroxy biphenyl, or 1.3-bis(2- 20 
hydroxyethoxy)benzene as the diol reactant. A volume aver- 
age of the refractive indices of the monomers would be a 
good guide in preparing useful copolyesters. In addition, 
cop olycarbo nates having a glass transition temperature com- 
patible with the glass transition temperature of PEN and 25 
with a refractive index associated with the transverse axis of 
approximately 1.59 to 1.69 are also useful as a selected 
polymer in the present invention. Formation of the copoly- 
ester or copolycarbonate by transesterification of two or 
more polymers in the extrusion system is another possible 30 
route to a viable selected polymer. 

To make a mirror, two uniaxially stretched polarizing 
sheets 10 are positioned with their respective orientation 
axes rotated 90°, or the sheet 10 is biaxially stretched. In the 
latter case, both PEN refractive indices in the plane of the 35 
sheet increase and the selected polymer should be chosen 
with as low of a refractive index as possible to reflect light 
of both planes of polarization. Biaxially stretching the 
multilayered sheet will result in differences between refrac- 
tive indices of adjoining layers for planes parallel to both 40 
axes thereby resulting in reflection of light in both planes of 
polarization directions. Biaxially stretching PEN will 
increase the refractive indices associated with those axes of 
elongation from 1.64 to only 1.75, compared to the uniaxial 
value of 1.9. Therefore to create a dielectric mirror with 99 45 
percent reflectivity (and thus with no noticeable iridescence) 
a low refractive index coPET is preferred as the selected 
polymer. Optical modeling indicates this is possible with an 
index of about 1.55. A 300-layer film with a 5 percent 
standard deviation in layer thickness, designed to cover half 50 
of the visible spectrum with six overlapping quarterwave 
stacks, has the predicted performance shown in FIG. 4. A 
greater degree of symmetry of stretching yields an article 
that exhibits relatively more symmetric reflective properties 
and relatively less polarizing properties. 55 

If desired, two or more sheets of the invention may be 
used in a composite to increase reflectivity, optical band 
width, or both. If the optical thicknesses of pairs of layers 
within the sheets are substantially equal, the composite will 
reflect, at somewhat greater efficiency, substantially the 60 
same band width and spectral range of reflectivity (i.e., 
"band") as the individual sheets. If the optical thicknesses of 
pairs of layers within the sheets are not substantially equal, 
the composite will reflect across a broader band width than 
the individual sheets. A composite combining mirror sheets 65 
with polarizer sheets is useful for increasing total reflectance 
while still polarizing transmitted light. Alternatively, a single 
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sheet may be asymmetrically biaxially stretched to produce 
a film having selective reflective and polarizing properties. 

The preferred selected polymer for use in a biaxially 
stretched mirror application is based on terephthalic, 
isophthalic, sebacic, azelaic or cyclohexanedicarboxylic 
acid to attain the lowest possible refractive index while still 
maintaining adhesion to the PEN layers. Naphthalene dicar- 
boxylic acid may still be employed in minor amounts to 
improve the adhesion to PEN. The diol component may be 
taken from any that have been previously mentioned. Pref- 
erably the selected polymer has an index of refraction of less 
than 1.65 and more preferably an index of refraction of less 
than 1.55. 

It is not required that the selected polymer be a copoly- 
ester or copolycarbonate. Vinyl polymers and copolymers 
made from monomers such as vinyl naphthalenes, styrenes, 
ethylene, maleic anhydride, acrylates, methacrylates, might 
be employed. Condensation polymers other than polyesters 
and polycarbonates might also be useful, examples include: 
polysulfones, polyamides, polyurethanes, polyamic acids, 
polyimides. Naphthalene groups and halogens such as 
chlorine, bromine and iodine are useful in increasing the 
refractive index of the selected polymer to the desired level 
(1.59 to 1.69) to substantially match the refractive index of 
PEN associated with the transverse direction for a polarizer. 
Acrylate groups and fluorine are particularly useful in 
decreasing refractive index for use in a mirror. 

FIG. 9 illustrates the use of the present invention as a hot 
mirror in an overhead projector 30. The projector 30 is a 
transmissive-type projector, and has many features of a 
conventional overhead projector, including a base 32 and a 
projection head 34. The projection head 34 is attached to the 
base 32 by an arm (not shown), which may be raised or 
lowered thereby moving the head 34 toward or away from 
the base 32, by conventional adjustment means. The base 32 
includes a light source 36, a power supply (not shown) for 
the light source 36, and appropriate optical components such 
as a mirror 38 for directing the light toward a projection 
stage area 40. The stage area 40 in a conventional overhead 
projector includes a transparent sheet such as glass typically 
having at least one Fresnel lens integrally formed therein for 
focusing light toward the head 34. If a transparency having 
a visual image is placed on the stage 40, the image is 
collected And projected such as to a nearby projection 
screen or surface by conventional optics such as a mirror 42 
and lens 44 located within the head 34. 

A mirror 46 of the present invention is advantageously 
used in the overhead projector 30 to reflect the heat- 
producing infrared energy from the light source 36 while 
transmitting visible light. When used to reflect infrared 
energy, the mirror 46 is used as a hot mirror. This is 
especially important for incandescent light sources where 
about 85 percent of the emitted energy is in the infrared 
wavelength. The infrared energy, if uncontrolled, can cause 
excessive heating of dense transparencies or LCD projection 
panels that are placed on the projection stage 40. When used 
as a hot mirror, the mirror 46 is normally positioned between 
the light source 36 and the projection stage 40. The mirror 
46 can be a separate element or the mirror can be applied to 
an optical component as a coating in the light path between 
the light source and the projection stage. 

Alternatively, the mirror 46 can be used in the overhead 
projector 30 as a cold mirror, that is a mirror that reflects 
visible light, while transmitting infrared energy. The mirror 
of the present invention may also be positioned as a folding 
mirror (not shown) between the light source 36 and the 
projection stage 40. Reflectance of a multilayer cold mirror 
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can easily approach 95 percent for visible light. The mirror 
of the present invention can be applied as a cold mirror 
coating to a spherical concave reflector such as reflector 38 
that is placed behind the light source 36 to collect and 
redirect visible light emitted from the light source while 5 
transmitting infrared energy. 

Orientation of the extruded film was done by stretching 
individual sheets of the material in heated air. For economi- 
cal production, stretching may be accomplished on a con- 
tinuous basis in a standard length orienter, tenter oven, or 10 
both. Economies of scale and line speeds of standard poly- 
mer film production may be achieved thereby achieving 
manufacturing costs that are substantially lower than costs 
associated with commercially available absorptive polariz- 
ers. 15 

Lamination of two or more sheets together is 
advantageous, to improve reflectivity or to broaden the 
bandwidth, or to form a mirror from two polarizers. Amor- 
phous copolyesters are useful as laminating materials, with 
VI TEL Brand 3000 and 3300 from the Goodyear Tire and 20 
Rubber Co. of Akron, Ohio, noted as materials that have 
been tried. The choice of laminating material is broad, with 
adhesion to the sheets 10, optical clarity and exclusion of air 
being the primary guiding principles. 

It may be desirable to add to one or more of the layers, one 25 
or more inorganic or organic adjuvants such as an 
antioxidant, extrusion aid, heat stabilizer, ultraviolet ray 
absorber, nucleator, surface projection forming agent, and 
the like in normal quantities so long as the addition does not 
substantially interfere with the performance of the present 30 
invention. 

Optical Behavior and Design Considerations of Multilayer 
Stacks 

The optical behavior of a multilayer stack 10 such as that 
shown above in FIGS, la and lb will now be described in 35 
more general terms. 

The optical properties and design considerations of mul- 
tilayer stacks described below allow the construction of 
multilayer stacks for which the Brewster angle (the angle at 
which reflectance goes to zero) is very large or is nonexist- 40 
ent. This allows for the construction of multilayer mirrors 
and polarizers whose reflectivity for p polarized light 
decrease slowly with angle of incidence, are independent of 
angle of incidence, or increase with angle of incidence away 
from the normal. As a result, multilayer stacks having high 45 
reflectivity for both s and p polarized light over a wide 
bandwidth, and over a wide range of angles can be achieved. 

The average transmission at normal incidence for a mul- 
tilayer stack, (for light polarized in the plane of the extinc- 
tion axis in the case of polarizers, or for both polarizations 50 
in the case of mirrors), is desirably less than 50% 
(reflectivity of 0.5) over the intended bandwidth. (It shall be 
understood that for the purposes of the present application, 
all transmission or reflection values given include front and 
back surface reflections). Other multilayer stacks exhibit 55 
lower average transmission and/or a larger intended 
bandwidth, and/or over a larger range of angles from the 
normal. If the intended bandwidth is to be centered around 
one color only, such as red, green or blue, each of which has 
an effective bandwidth of about 100 nm each, a multilayer 60 
stack with an average transmission of less than 50% is 
desirable. A multilayer stack having an average transmission 
of less than 10% over a bandwidth of 100 nm is also 
preferred. Other exemplary preferred multilayer stacks have 
an average transmission of less than 30% over a bandwidth 65 
of 200 nm. Yet another preferred multilayer stack exhibits an 
average transmission of less than 10% over the bandwidth of 
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the visible spectrum (400-700 nm). Most preferred is a 
multilayer stack that exhibits an average transmission of less 
than 10% over a bandwidth of 380 to 740 nm. The extended 
bandwidth is useful even in visible light applications in 
order to accommodate spectral shifts with angle, and varia- 
tions in the multilayer stack and overall film caliper. 

The multilayer stack 10 can include tens, hundreds or 
thousands of layers, and each layer can be made from any of 
a number of different materials. The characteristics which 
determine the choice of materials for a particular stack 
depend upon the desired optical performance of the stack. 

The stack can contain as many materials as there are 
layers in the stack. For ease of manufacture, preferred 
optical thin film stacks contain only a few different materi- 
als. For purposes of illustration, the present discussion will 
describe multilayer stacks including two materials. 

The boundaries between the materials, or chemically 
identical materials with different physical properties, can be 
abrupt or gradual. Except for some simple cases with 
analytical solutions, analysis of the latter type of stratified 
media with continuously varying index is usually treated as 
a much larger number of thinner uniform layers having 
abrupt boundaries but with only a small change in properties 
between adjacent layers. 

Several parameters may affect the maximum reflectivity 
achievable in any multilayer stack. These include basic stack 
design, optical absorption, layer thickness control and the 
relationship between indices of refraction of the layers in the 
stack. For high reflectivity and/or sharp bandedges, the basic 
stack design should incorporate optical interference effects 
using standard thin film optics design. This typically 
involves using optically thin layers, meaning layers having 
an optical thickness in the range of 0.1 to 1.0 times the 
wavelength of interest. The basic building blocks for high 
reflectivity multilayer films are low/high index pairs of film 
layers, wherein each low/high index pair of layers has a 
combined optical thickness of V2 the center wavelength of 
the band it is designed to reflect. Stacks of such films are 
commonly referred to as quarterwave stacks. 

To minimize optical absorption, the preferred multilayer 
stack ensures that wavelengths that would be most strongly 
absorbed by the stack are the first wavelengths reflected by 
the stack. For most clear optical materials, including most 
polymers, absorption increases toward the blue end of the 
visible spectrum. Thus, it is preferred to tune the multilayer 
stack such that the "blue" layers are on the incident side of 
the multilayer stack. 

A multilayer construction of alternative low and high 
index thick films, often referred to as a "pile of plates", has 
no tuned wavelengths nor bandwidth constraints, and no 
wavelength is selectively reflected at any particular layer in 
the stack. With such a construction, the blue reflectivity 
suffers due to higher penetration into the stack, resulting in 
higher absorption than for the preferred quarterwave stack 
design. Arbitrarily increasing the number of layers in a "pile 
of plates" will not always give high reflectivity, even with 
zero absorption. Also, arbitrarily increasing the number of 
layers in any stack may not give the desired reflectivity, due 
to the increased absorption which would occur. 

The relationships between the indices of refraction in each 
film layer to each other and to those of the other layers in the 
film stack determine the reflectance behavior of the multi- 
layer stack at any angle of incidence, from any azimuthal 
direction. Assuming that all layers of the same material have 
the same indices, then a single interface of a two component 
quarterwave stack can be analyzed to understand the behav- 
ior of the entire stack as a function of angle. 
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For simplicity of discussion, therefore, the optical behav- 
ior of a single interface will be described. It shall be 
understood, however, that an actual multilayer stack accord- 
ing to the principles described herein could be made of tens, 
hundreds or thousands of layers. To describe the optical 5 
behavior of a single interface, such as the one shown in FIG. 
10, the reflectivity as a function of angle of incidence for s 
and p polarized light for a plane of incidence including the 
z-axis and one in-plane optic axis will be plotted. 

FIG. 10 shows two material film layers forming a single lQ 
interface, with both immersed in an isotropic medium of 
index no. For simplicity of illustration, the present discus- 
sion will be directed toward an orthogonal multilayer bire- 
fringent system with the optical axes of the two materials 
aligned, and with one optic axis (z) perpendicular to the film 
plane, and the other optic axes along the x and y axis. It shall 15 
be understood, however, that the optic axes need not be 
orthogonal, and that nonorthogonal systems are well within 
the spirit and scope of the present invention. It shall be 
further understood that the optic axes also need not be 
aligned with the film axes to fall within the intended scope 20 
of the present invention. 

The reflectivity of a dielectric interface varies as a func- 
tion of angle of incidence, and for isotropic materials, is 
different for p and s polarized light. The reflectivity mini- 
mum for p polarized light is due to the so called Brewster 25 
effect, and the angle at which the reflectance goes to zero is 
referred to as Brewster's angle. 

The reflectance behavior of any film stack, at any angle of 
incidence, is determined by the dielectric tensors of all films 
involved. A general theoretical treatment of this topic is 30 
given in the text by R. M. A. Azzam and N. M. Bashara. 
"Ellipsometry and Polarized Light", published by North- 
Holland, 1987. 

The reflectivity for a single interface of a system is 
calculated by squaring the absolute value of the reflection 35 
coefficients for p and s polarized light, given by equations 1 
and 2, respectively. Equations 1 and 2 are valid for uniaxial 
orthogonal systems, with the axes of the two components 
aligned. 

40 

n2z * ri2o V {n I ~2 — no2siri29) — n lz,*nlo V (ti2z2 — no2sin29) ^ ) 
n2z * «2o V (nlz2 - no2sin20) 4- nlz * nloyj (n2z2 — no2sin20) 

_ ^(nlo2-no2sin20) - V \n2o2 - no2sin29) 2 ) 
■>/ (nlo2 - no2sh&9) + V \n2o2 - no2sin20) 45 

where 0 is measured in the isotropic medium. 

In a uniaxial birefringent system, nlx=nly=nlo, and 
n2x=n2y=n2o. 50 

For a biaxial birefringent system, equations 1 and 2 are 
valid only for light with its plane of polarization parallel to 
the x-z or y-z planes, as defined in FIG. 10. So, for a biaxial 
system, for light incident in the x-z plane, nlo=nlx and 
n2o=n2x in equation 1 (for p-polarized light), and nlo=nly 55 
and n2o=n2y in equation 2 (for s-polarized light). For light 
incident in the y-z plane, nlo=nly and n2o=n2y in equation 
1 (for p-polarized light), and nlo=nlx and n2o=n2x in 
equation 2 (for s-polarized light). 

Equations 1 and 2 show that reflectivity depends upon the 60 
indices of refraction in the x, y (in-plane) and z directions of 
each material in the stack. In an isotropic material, all three 
indices are equal, thus nx=ny=nz. The relationship between 
nx, ny and nz determine the optical characteristics of the 
material. Different relationships between the three indices 65 
lead to three general categories of materials: isotropic, 
uniaxially birefringent, and biaxially birefringent. Equations 



,337 B2 

10 

1 and 2 describe biaxially birefringent cases only along the 
x or y axis, and then only if considered separately for the x 
and y directions. 

A uniaxially birefringent material is defined as one in 
which the index of refraction in one direction is different 
from the indices in the other two directions. For purposes of 
the present discussion, the convention for describing uniaxi- 
ally birefringent systems is for the condition nx=ny^nz. The 
x and y axes are defined as the in-plane axes and the 
respective indices, nx and ny, will be referred to as the 
in-plane indices. 

One method of creating a uniaxial birefringent system is 
to biaxially stretch (e.g., stretch along two dimensions) a 
multilayer stack in which at least one of the materials in the 
stack has its index of refraction affected by the stretching 
process (e.g., the index either increases or decreases). 
Biaxial stretching of the multilayer stack may result in 
differences between refractive indices of adjoining layers for 
planes parallel to both axes thus resulting in reflection of 
light in both planes of polarization. 

A uniaxial birefringent material can have either positive 
or negative uniaxial birefringence. Positive uniaxial bire- 
fringence occurs when the z-index is greater than the 
in-plane indices (nz>nx and ny). Negative uniaxial birefrin- 
gence occurs when the z-index is less than the in-plane 
indices (nz<nx and ny). 

A biaxial birefringent material is defined as one in which 
the indices of refraction in all three axes are different, e.g., 
nx^ny^nz. Again, the nx and ny indices will be referred to 
as the in-plane indices. A biaxial birefringent system can be 
made by stretching the multilayer stack in one direction. In 
other words the stack is uniaxially stretched. For purposes of 
the present discussion, the x direction will be referred to as 
the stretch direction for biaxial birefringent stacks. 
Uniaxial Birefringent Systems (Mirrors) 

The optical properties and design considerations of 
uniaxial birefringent systems will now be discussed. As 
discussed above, the general conditions for a uniaxial bire- 
fringent material are nx=ny^nz. Thus if each layer 102 and 
104 in FIG. 10 is uniaxially birefringent, nlx=nly and 
n2x=n2y. For purposes of the present discussion, assume 
that layer 102 has larger in-plane indices than layer 104, and 
that thus nl>n2 in both the x and y directions. The optical 
behavior of a uniaxial birefringent multilayer system can be 
adjusted by varying the values of nlz and n2z to introduce 
different levels of positive or negative birefringence. The 
relationship between the various indices of refraction can be 
measured directly, or, the general relationship may be indi- 
rectly observed by analysis of the spectra of the resulting 
film as described herein. 

In the case of mirrors, the desired average transmission 
for light of each polarization and plane of incidence gener- 
ally depends upon the intended use of the mirror. The 
average transmission along each stretch direction at normal 
incidence for a narrow bandwidth mirror across a 100 nm 
bandwidth within the visible spectrum is desirably less than 
30%, preferably less than 20% and more preferably less than 
10%. A desirable average transmission along each stretch 
direction at normal incidence for a partial mirror ranges 
anywhere from, for example, 10% to 50%, and can cover a 
bandwidth of anywhere between, for example, 100 nm and 
450 nm, depending upon the particular application. For a 
high efficiency mirror, average transmission along each 
stretch direction at normal incidence over the visible spec- 
trum (400—700 nm) is desirably less than 10%, preferably 
less than 5%, more preferably less than 2%, and even more 
preferably less than 1%. In addition, asymmetric mirrors 



US 6,635,337 B2 



11 



12 



may be desirable for certain application. In that case, aver- 
age transmission along one stretch direction may be desir- 
ably less than, for example, 50%, while the average trans- 
mission along the other stretch direction may be desirably 
less than, for example 20%, over a bandwidth of, for 5 
example, the visible spectrum (400-700 nm), or over the 
visible spectrum and into the near infrared (e.g, 400-850 
nm). 

Equation 1 described above can be used to determine the 
reflectivity of a single interface in a uniaxial birefringent lQ 
system composed of two layers such as that shown in FIG. 
10. Equation 2, for s polarized light, is identical to that of the 
case of isotropic films (nx=ny=nz), so only equation 1 need 
be examined. For purposes of illustration, some specific, 
although generic, values for the film indices will be 
assigned. Let nlx=nly=1.75, nlz variable, n2x=n2y=1.50, 15 
and n2z=variable. In order to illustrate various possible 
Brewster angles in this system, no=1.60 for the surrounding 
isotropic media. 

FIG. 11 shows reflectivity versus angle curves for 
p -polarized light incident from the isotropic medium to the 20 
birefringent layers, for cases where nlz is numerically 
greater than or equal to n2z (nlz^n2z). The curves shown 
in FIG. 11 are for the following z-index values: a) nlz=1.75, 
n2z=1.50: b) nlz=1.75, n2z=1.57; c) nlz=1.70, n2z=1.60; d) 
nlz=1.65, n2z=1.60; e) nlz-1.61, n2z=1.60; and f) nlz= 25 
1.60=n2z. As nlz approaches n2z, the Brewster angle, the 
angle at which reflectivity goes to zero, increases. Curves 
a-e are strongly angular dependent. However, when nlz= 
n2z (curve f), there is no angular dependence to reflectivity. 
In other words, the reflectivity for curve f is constant for all 30 
angles of incidence. At that point, equation 1 reduces to the 
angular independent form: (n2o-nlo)/(n2o+nlo). When 
nlz=n2z, there is no Brewster effect and there is constant 
reflectivity for all angles of incidence. 

FIG. 12 shows reflectivity versus angle of incidence 35 
curves for cases where nlz is numerically less than or equal 
to n2z. Light is incident from isotropic medium to the 
birefringent layers. For these cases, the reflectivity mono- 
tonically increases with angle of incidence. This is the 
behavior that would be observed for s-polarized light. Curve 40 
a in FIG. 12 shows the single case for s polarized light. 
Curves b-e show cases for p polarized light for various 
values of nz, in the following order: b) nlz=1.50, n2z=1.60: 
c) nlz=l. 55, n2z=1.60:d) nlz=1.59, n2z=1.60; and e) nlz= 
1.60=n2z. Again, when nlz=n2z (curve e), there is no 45 
Brewster effect, and there is constant reflectivity for all 
angles of incidence. 

FIG. 13 shows the same cases as FIGS. 11 and 12 but for 
an incident medium of index no=1.0 (air). The curves in 
FIG. 13 are plotted for p polarized light at a single interface 50 
of a positive uniaxial material of indices n2x=n2y=1.50, 
n2z=1.60, and a negative uniaxially birefringent material 
with nlx=nly=1.75, and values of nlz, in the following 
order, from top to bottom, of: a) 1.50: b) 1.55; c) 1.59; d) 
1.60; f) 1.61; g) 1.65: h) 1.70: and i) 1.75. Again, as was 55 
shown in FIGS. 11 and 12, when the values of nlz and n2z 
match (curve d), there is no angular dependence to reflec- 
tivity. 

FIGS. 11, 12 and 13 show that the cross-over from one 
type of behavior to another occurs when the z-axis index of 60 
one film equals the z-axis index of the other film. This is true 
for several combinations of negative and positive uniaxially 
birefringent, and isotropic materials. Other situations occur 
in which the Brewster angle is shifted to larger or smaller 
angles. 65 

Various possible relationships between in-plane indices 
and z-axis indices are illustrated in FIGS. 14, 15 and 16. The 



vertical axes indicate relative values of indices and the 
horizontal axes are used to separate the various conditions. 
Each Figure begins at the left with two isotropic films, where 
the z-index equals the in-plane indices. As one proceeds to 
the right, the in-plane indices are held constant and the 
various z-axis indices increase or decrease, indicating the 
relative amount of positive or negative birefringence. 

The case described above with respect to FIGS. 11, 12, 
and 13 is illustrated in FIG. 14. The in-plane indices of 
material one are greater than the in-plane indices of material 
two, material 1 has negative birefringence (nlz less than 
in-plane indices), and material two has positive birefrin- 
gence (n2z greater than in-plane indices). The point at which 
the Brewster angle disappears and reflectivity is constant for 
all angles of incidence is where the two z-axis indices are 
equal. This point corresponds to curve f in FIG. 11, curve e 
in FIG. 12 or curve d in FIG. 13. 

In FIG. 15, material one has higher in-plane indices than 
material two, but material one has positive birefringence and 
material two has negative birefringence. In this case, the 
Brewster minimum can only shift to lower values of angle. 

Both FIGS. 14 and 15 are valid for the limiting cases 
where one of the two films is isotropic. The two cases are 
where material one is isotropic and material two has positive 
birefringence, or material two is isotropic and material one 
has negative birefringence. The point at which there is no 
Brewster effect is where the z-axis index of the birefringent 
material equals the index of the isotropic film. 

Another case is where both films are of the same type, i.e., 
both negative or both positive birefringent. FIG. 16 shows 
the case where both films have negative birefringence. 
However, it shall be understood that the case of two positive 
birefringent layers is analogous to the case of two negative 
birefringent layers shown in FIG. 16. As before, the Brew- 
ster minimum is eliminated only if one z-axis index equals 
or crosses that of the other film. 

Yet another case occurs where the in-plane indices of the 
two materials are equal, but the z-axis indices differ. In this 
case, which is a subset of all three cases shown in FIGS. 
14—16, no reflection occurs for s polarized light at any angle, 
and the reflectivity for p polarized light increases monotoni- 
cally with increasing angle of incidence. This type of article 
has increasing reflectivity for p-polarized light as angle of 
incidence increases, and is transparent to s-polarized light. 
This article can be referred to as a "p-polarizer". 

The above described principles and design considerations 
describing the behavior of uniaxially birefringent systems 
can be applied to create multilayer stacks having the desired 
optical effects for a wide variety of circumstances and 
applications. The indices of refraction of the layers in the 
multilayer stack can be manipulated and tailored to produce 
devices having the desired optical properties. Many negative 
and positive uniaxial birefringent systems can be created 
with a variety of in-plane and z-axis indices, and many 
useful devices can be designed and fabricated using the 
principles described here. 
Biaxial Birefringent Systems (Polarizers) 

Referring again to FIG. 10, two component orthogonal 
biaxial birefringent systems and the design considerations 
affecting the resultant optical properties will now be 
described. Again, the system can have many layers, but an 
understanding of the optical behavior of the stack is 
achieved by examining the optical behavior at one interface. 

A biaxial birefringent system can be designed to give high 
reflectivity for light with its plane of polarization parallel to 
one axis, for a broad range of angles of incidence, and 
simultaneously have low reflectivity and high transmission 
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for light with its plane of polarization parallel to the other 
axis for a broad range of angles of incidence. As a result, the 
biaxial birefringent system acts as a polarizer, transmitting 
light of one polarization and reflecting light of the other 
polarization. By controlling the three indices of refraction of 5 
each film, nx, ny and nz, the desired polarizer behavior can 
be obtained. Again, the indices of refraction can be mea- 
sured directly or can be indirectly observed by analysis of 
the spectra of the resulting film, as described herein. 

Referring again to FIG. 10, the following values to the 
film indices are assigned for purposes of illustration: nlx= 
1.88, nly=1.64, nlz=variable, n2x=1.65, n2y=variable, and 
n2z=variable. The x direction is referred to as the extinction 
direction and the y direction as the transmission direction. 15 

Equation 1 can be used to predict the angular behavior of 
the biaxial birefringent system for two important cases of 
light with a plane of incidence in either the stretch (xz plane) 
or the non-stretch (yz plane) directions. The polarizer is a 
mirror in one polarization direction and a window in the 20 
other direction. In the stretch direction, the large index 
differential of 1.88-1.65=0.23 in a multilayer stack with 
hundreds of layers will yield very high reflectivities for 
s-polarized light. For p -polarized light the reflectance at 
various angles depends on the nlz/n2z index differential. 

In many applications, the ideal reflecting polarizer has 
high reflectance along one axis (the so-called extinction 
axis) and zero reflectance along the other (the so-called 
transmission axis), at all angles of incidence. For the trans- 30 
mission axis of a polarizer, it generally desirable to maxi- 
mize transmission of light polarized in the direction of the 
transmission axis over the bandwidth of interest and also 
over the range of angles of interest. Average transmission at 
normal incidence for a narrow band polarizer across a 100 35 
nm bandwidth is desirably at least 50%, preferably at least 
70% and more preferably at least 90%. The average trans- 
mission at 60 degrees from the normal for p-polarized light 
(measured along the transmission axis) for a narrow band 
polarizer across a 100 nm bandwidth is desirably at least 40 
50%, preferably at least 70% and more preferably at least 
80%. 

The average transmission at normal incidence for a polar- 
izer in the transmission axis across the visible spectrum 45 
(400—700 nm for a bandwidth of 300 nm) is desirably at least 
50%, preferably at least 70%, more preferably at least 85%, 
and even more preferably at least 90%. The average trans- 
mission at 60 degrees from the normal (measured along the 
transmission axis) for a polarizer from 400-700 nm is 50 
desirably at least 50%, preferably at least 70%, more pref- 
erably at least 80%, and even more preferably at least 90%. 

For certain applications, high reflectivity in the transmis- 
sion axis at off-normal angles are preferred. The average 
reflectivity for light polarized along the transmission axis 
should be more than 20% at an angle of at least 20 degrees 
from the normal. 

If some reflectivity occurs along the transmission axis, the 
efficiency of the polarizer at off -normal angles may be 60 
reduced. If the reflectivity along the transmission axis is 
different for various wavelengths, color may be introduced 
into the transmitted light. One way to measure the color is 
to determine the root mean square (EMS) value of the 
transmission at a selected angle or angles over the wave- 65 
length range of interest. The % RMS color, Crms , can be 
determined according to the equation: 
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where the range XI to X2 is the wavelength range, or 
bandwidth, of interest^ T is the transmission along the 
transmission axis, and T is the average transmission along 
the transmission axis in the wavelength range of interest. 

For applications where a low color polarizer is desirable, 
the % RMS color should be less than 10%, preferably less 
than 8%, more preferably less than 3.5%, and even more 
preferably less than 2.1% at an angle of at least 30 degrees 
from the normal, preferably at least 45 degrees from the 
normal, and even more preferably at least 60 degrees from 
the normal. 

Preferably, a reflective polarizer combines the desired % 
RMS color along the transmission axis for the particular 
application with the desired amount of reflectivity along the 
extinction axis across the bandwidth of interest. For 
example, for narrow band polarizers having a bandwidth of 
approximately 100 nm, average transmission along the 
extinction axis at normal incidence is desirably less than 
50%, preferably less than 30%, more preferably less than 
10%, and even more preferably less than 3%. For polarizers 
having a bandwidth in the risible range (400-700 nm, or a 
bandwidth of 300 nm), average transmission along the 
extinction axis at normal incidence is desirably less than 
40%, more desirably less than 25%, preferably less than 
15%, more preferably less than 5% and even more prefer- 
ably less than 3%. 

Reflectivity at off-normal angles, for light with its plane 
of polarization parallel to the transmission axis may be 
caused by a large z-index mismatch, even if the in -plane y 
indices are matched. The resulting system thus has large 
reflectivity for p, and is highly transparent to s polarized 
light. This case was referred to above in the analysis of the 
mirror cases as a "p polarizer". 

For uniaxially stretched polarizers, performance depends 
upon the relationships between the alternating layer indices 
for all three (x, y, and z) directions. As described herein, it 
is desirable to minimize the y and z index differentials for a 
high efficiency polarizer. Introduction of a y-index mismatch 
is describe to compensate for a z-index mismatch. Whether 
intentionally added or naturally occurring, any index mis- 
match will introduce some reflectivity. An important factor 
thus is making the x-index differential larger than the y-and 
z-index differentials. Since reflectivity increases rapidly as a 
function of index differential in both the stretch and non- 
stretch directions, the ratios Any/Anx and Anz/Anx should be 
minimized to obtain a polarizer having high extinction along 
one axis across the bandwidth of interest and also over a 
broad range of angles, while preserving high transmission 
along the orthogonal axis. Ratios of less than 0.05, 0.1 or 
0.25 are acceptable. Ideally, the ratio Anz/Anx is 0, but ratios 
of less than 0.25 or 0.5 also produce a useable polarizer. 

FIG. 17 shows the reflectivity (plotted as-Log[l-R]) at 
75° for p polarized light with its plane of incidence in the 
non-stretch direction, for an 800 layer stack of PEN/coPEN. 
The reflectivity is plotted as function of wavelength across 
the visible spectrum (400-700 nm). The relevant indices for 
curve a at 550 nm are nly=1.64, nlz=1.52, n2y=1.64 and 
n2z=1.63. The model stack design is a linear thickness grade 
for quarterwave pairs, where each pair thickness is given by 
dn=do+do(0.003)n. All layers were assigned a random thick- 
ness error with a gaussian distribution and a 5% standard 
deviation. 
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Curve a shows high off-axis reflectivity across the visible 
spectrum along the transmission axis (the y-axis) and that 
different wavelengths experience different levels of reflec- 
tivity. This is due to the large z-index mismatch (Anz=0.11). 
Since the spectrum is sensitive to layer thickness errors and 5 
spatial nonuniformities, such as film caliper, this gives a 
biaxial birefringent system with a very nonuniform and 
"colorful" appearance. Although a high degree of color may 
be desirable for certain applications, it is desirable to control 
the degree of off-axis color, and minimize it for those 10 
applications requiring a uniform, low color appearance, such 
as liquid crystal displays or other types of displays. 

Off-axis reflectivity, and off- axis color can be minimized 
by introducing an index mismatch to the non-stretch 
in-plane indices (nly and n2y) that create a Brewster con- 15 
dition off axis, while keeping the s-polarization reflectivity 
to a minimum. 

FIG. 18 explores the effect of introducing a y-index 
mismatch in reducing off-axis reflectivity along the trans- 
mission axis of a biaxial birefringent system. With nlz=1.52 20 
and n2z=1.63 (Anz=0.11), the following conditions are 
plotted for p polarized light: a) nly=n2y=1.64: b) nly=1.64, 
n2y=1.62; c) nly=1.64, n2y=1.66. Curve a shows the reflec- 
tivity where the in -plane indices nly and n2y are equal. 
Curve a has a reflectance minimum at 0°, but rises steeply 25 
after 20°. For curve b, nly>n2y, and reflectivity increases 
rapidly. Curve c, where nly<n2y, has a reflectance minimum 
at 38°, but rises steeply thereafter. Considerable reflection 
occurs as well for s polarized light for nly^n2y, as shown by 
curve d. Curves a-d of FIG. 18 indicate that the sign of the 30 
y-index mismatch (nly-n2y) should be the same as the 
z-index mismatch (nlz-n2z) for a Brewster minimum to 
exist. For the case of nly=n2y, reflectivity for s polarized 
light is zero at all angles. 

By reducing the z-axis index difference between layers, 35 
the off axis reflectivity can be further reduced. If nlz is equal 
to n2z. FIG. 13 indicates that the extinction axis will still 
have a high reflectivity off- angle as it does at normal 
incidence, and no reflection would occur along the non- 
stretch axis at any angle because both indices are matched 40 
(e.g.nly=n2y and nlz=n2z). 

Exact matching of the two y indices and the two z indices 
may not be possible in some multilayer systems. If the z-axis 
indices are not matched in a polarizer construction, intro- 
duction of a slight mismatch may be desired for in-plane 45 
indices nly and n2y. This can be done by blending additional 
components into one or both of the material layers in order 
to increase or decrease the respective v index as described 
below in Example 15. Blending a second resin into either the 
polymer that forms the highly birefringent layers or into the 50 
polymer that forms the selected polymer layers may be done 
to modify reflection for the transmission axis at normal and 
off-normal angles, or to modify the extinction of the polar- 
izer for light polarized in the extinction axis. The second, 
blended resin may accomplish this by modifying the crys- 55 
tallinity and the index of refraction of the polymer layers 
after orientation. 

Another example is plotted in FIG. 19, assuming nlz= 
1.56 and n2z=1.60 (Anz=0.04), with the following y indices 
a) nly=1.64, n2y=1.65; b) nly=1.64, n2y=1.63. Curve c is 60 
for s-polarized light for either case. Curve a, where the sign 
of the v-index mismatch is the same as the z-index 
mismatch, results in the lowest off-angle reflectivity. 

The computed off-axis reflectance of an 800 layer stack of 
films at 75° angle of incidence with the conditions of curve 65 
a in FIG. 19 is plotted as curve b in FIG. 17. Comparison of 
curve b with curve a in FIG. 17 shows that there is far less 
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off-axis reflectivity, and therefore lower perceived color and 
better uniformity, for the conditions plotted in curve b. The 
relevant indices for curve b at 550 nm are nly=1.64, 
nlz=1.56, n2y=1.65 and n2z=1.60. 

FIG. 20 shows a contour plot of equation 1 which 
summarizes the off axis reflectivity discussed in relation to 
FIG. 10 for p-polarized light. The four independent indices 
involved in the non-stretch direction have been reduced to 
two index mismatches, Anz and Any. The plot is an average 
of 6 plots at various angles of incidence from 0° to 75° in 15 
degree increments. The reflectivity ranges from 0.4x10-4 
for contour j, to 4.0x10-4 for contour a, in constant incre- 
ments of 0.4x10-4. The plots indicate how high reflectivity 
caused by an index mismatch along one optic axis can be 
offset by a mismatch along the other axis. 

Thus, by reducing the z-index mismatch between layers 
of a biaxial birefringent systems, and/or by introducing a 
y-index mismatch to produce a Brewster effect, off- axis 
reflectivity, and therefore off-axis color, are minimized along 
the transmission axis of a multilayer reflecting polarizer. 

It should also be noted that narrow band polarizers 
operating over a narrow wavelength range can also be 
designed using the principles described herein. These can be 
made to produce polarizers in the red, green, blue, cyan, 
magenta, or yellow bands, for example. 

An ideal reflecting polarizer should transmit all light of 
one polarization, and reflect all light of the other polariza- 
tion. Unless laminated on both sides to glass or to another 
film with a clear optical adhesive, surface reflections at the 
air/reflecting polarizer interface will reduce the transmission 
of light of the desired polarization. Thus, it may in some 
cases be useful to add an antireflection (AR) coating to the 
reflecting polarizer. The AR coating is preferably designed 
to dereflect a film of index 1.64 for PEN based polarizers in 
air, because that is the index of all layers in the nonstretch 
(y) direction. The same coating will have essentially no 
effect on the stretch direction because the alternating index 
stack of the stretch direction has a very high reflection 
coefficient irrespective of the presence or absence of surface 
reflections. Any AR coating known in the art could be 
applied, provided that the coating does not overheat or 
damage the multilayer film being coated. An exemplary 
coating would be a quarterwave thick coating of low index 
material, ideally with index near the square root of 1.64 (for 
PEN based materials). 
Materials Selection and Processing 

With the above-described design considerations 
established, one of ordinary skill will readily appreciate that 
a wide variety of materials can be used to form multilayer 
mirrors or polarizers according to the invention when pro- 
cessed under conditions selected to yield the desired refrac- 
tive index relationships. The desired refractive index rela- 
tionships can be achieved in a variety of ways, including 
stretching during or after film formation (e.g., in the case of 
organic polymers), extruding (e.g., in the case of liquid 
crystalline materials), or coating. In addition, it is preferred 
that the two materials have similar rheological properties 
(e.g., melt viscosities) such that they can be co -extruded. 

In general, appropriate combinations may be achieved by 
selecting, as the first material, a crystalline or semi- 
crystalline material, preferably a polymer. The second 
material, in turn, may be crystalline, semi-crystalline, or 
amorphous. The second material may have a birefringence 
opposite to or the same as that of the first material. Or, the 
second material may have no birefringence. 

Specific examples of suitable materials include polyeth- 
ylene naphthalate (PEN) and isomers thereof (e.g., 2,6-, 
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1,4-, 1,51-, 2,7- , and 2,3-PEN), poly alky lene terephthalates 
(e.g., polyethylene terephthalate , polybutylene 
terephthalate, and poly-l,4-cyclohexanedimethylene 
terephthalate), polyimides (e.g., poly acrylic imides), 
polyetherimides, atactic polystyrene, polycarbonates, poly- 5 
methacrylates (e.g., polyisobutyl methacrylate, 
polypropylmethacrylate, polyethylmethacrylate, and 
polymethylmethacrylate), polyacrylates (e.g., polybuty- 
lacrylate and polymethylacrylate), syndiotactic polystyrene 
(sPS), syndiotactic poly-alpha-methyl styrene, syndiotactic 10 
polydichlorostyrene, copolymers and blends of any of these 
polystyrenes, cellulose derivatives (e.g., ethyl cellulose, 
cellulose acetate, cellulose propionate, cellulose acetate 
butyrate, and cellulose nitrate), poly alky lene polymers (e.g., 
polyethylene, polypropylene, polybutylene, 15 
polyisobutylene, and poly(4-methyl)pentene), fluorinated 
polymers (e.g., pe rfluo ro alko xy resins, 
polytetrafluoroethylene, fluorinated ethylene-propylene 
copolymers, polyvinylidene fluoride, and 
polychlorotrifluoroethylene), chlorinated polymers (e.g., 20 
polyvinylidene chloride and poly vinylchloride), 
polysulfones, polyethersulfones, polyacrylonitrile, 
poly amides, silicone resins, epoxy resins, poly viny lace tate, 
polyether-amides, ionomers resins, elastomers (e.g., 
polybutadiene, polyisoprene, and neoprene), and polyure- 25 
thanes. Also suitable are copolymers, e.g., copolymers of 
PEN (e.g., copolymers of 2,6-, 1,4-, 1,5-, 2,7-, and/or 
2,3-naphthalene dicarboxylic acid, or esters thereof, with (a) 
terephthalic acid, or esters thereof: (b) isophthalic acid, or 
esters thereof; (c) phthalic acid, or esters thereof: (d) alkane 30 
glycols: (e) cycloalkane glycols (e.g., cyclohexane dimetha- 
nol diol): (f) alkane dicarboxylic acids: and/or (g) cycloal- 
kane dicarboxylic acids (e.g., cyclohexane dicarboxylic 
acid)), copolymers of polyalkylene terephthalates (e.g., 
copolymers of terephthalic acid, or esters thereof, with (a) 35 
naphthalene dicarboxylic acid, or esters thereof: (b) isoph- 
thalic acid, or esters thereof, (c) phthalic acid, or esters 
thereof, (d) alkane glycols: (e) cycloalkane glycols (e.g., 
cyclohexane dimethanol diol): (f) alkane dicarboxylic acids; 
and/or (g) cycloalkane dicarboxylic acids (e.g., cyclohexane 40 
dicarboxylic acid)), and styrene copolymers (e.g., styrene- 
butadiene copolymers and styrene -acrylonitrile copolymers) 
4,4'-bibenzoic acid and ethylene glycol. In addition, each 
individual layer may include blends of two or more of the 
above-described polymers or copolymers (e.g., blends of 45 
SPS and atactic polystyrene). The coPEN described may 
also be a blend of pellets where at least one component is a 
polymer based on naphthalene dicarboxylic acid and other 
components are other polyesters or polycarbonates, such as 
a PET, a PEN or a co-PEN. 50 

Particularly preferred combinations of layers in the case 
of polarizers include PEN/co-PEN, polyethylene terephtha- 
late (PET)/co-PEN, PEN/sPS, PET/sPS, PEN/Eastar, and 
PET/Eastar, where "co-PEN" refers to a copolymer or blend 
based upon naphthalene dicarboxylic acid (as described 55 
above) and Eastar is polycyclohexanedimethylene tereph- 
thalate commercially available from Eastman Chemical Co. 

Particularly preferred combinations of layers in the case 
of mirrors include PET/Ecdel, PEN/Ecdel, PEN/sPS, PEN/ 
THV, PEN/co-PET, and PET/sPS, where "co-PET" refers to 60 
a copolymer or blend based upon terephthalic acid (as 
described above), Ecdel is a thermoplastic polyester com- 
mercially available from Eastman Chemical Co. and THV is 
a fluoropolymer commercially available from 3M Co. 

The number of layers in the device is selected to achieve 65 
the desired optical properties using the minimum number of 
layers for reasons of film thickness, flexibility and economy. 
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In the case of both polarizers and mirrors, the number of 
layers is preferably less than 10.000, more preferably less 
than 5.000, and (even more preferably) less than 2.000. 

As discussed above, the ability to achieve the desired 
relationships among the various indices of refraction (and 
thus the optical properties of the multilayer device) is 
influenced by the processing conditions used to prepare the 
multilayer device. In the case of organic polymers which can 
be oriented by stretching, the devices are generally prepared 
by co-extruding the individual polymers to form a multilayer 
film and then orienting the film by stretching at a selected 
temperature, optionally followed by heat-setting at a 
selected temperature. Alternatively, the extrusion and orien- 
tation steps may be performed simultaneously. In the case of 
polarizers, the film is stretched substantially in one direction 
(uniaxial orientation), while in the case of mirrors the film 
is stretched substantially in two directions (biaxial 
orientation). 

The film may be allowed to dimensionally relax in the 
cross-stretch direction from the natural reduction in cross- 
stretch (equal to the square root of the stretch ratio) to being 
constrained (i.e., no substantial change in cross-stretch 
dimensions). The film may be stretched in the machine 
direction, as with a length orienter, in width using a tenter. 

The pre-stretch temperature, stretch temperature, stretch 
rate, stretch ratio, heat set temperature, heat set time, heat set 
relaxation, and cross-stretch relaxation are selected to yield 
a multilayer device having the desired refractive index 
relationship. These variables are inter-dependent; thus, for 
example, a relatively low stretch rate could be used if 
coupled with, e.g. a relatively low stretch temperature. It 
will be apparent to one of ordinary skill how to select the 
appropriate combination of these variables to achieve the 
desired multilayer device. In general, however, a stretch 
ratios in the range from 1:2 to 1:10 (more preferably 1:3 to 
1:7) in the stretch direction and from 1:0.5 to 1:10 (more 
preferably from 1:0.5 to 1:7) orthogonal to the stretch 
direction is preferred. 

Suitable multilayer devices may also be prepared using 
techniques such as spin coating (e.g. as described in Boese 
et al. J. Polym. Sci.: Part B. 30:13231 (1992) for birefringent 
polyimides, and vacuum deposition (e.g. as described by 
Zang et. al. Appl. Phys. Letters, 59:823 (1991) for crystalline 
organic compounds: the latter technique is particularly use- 
ful for certain combinations of crystalline organic com- 
pounds and inorganic materials. 

The invention will now be described by way of the 
following examples. In the examples, because optical 
absorption is negligible, reflection equals 1 minus transmis- 
sion (R=l-T). 

EXAMPLE 1 
(Polarizer) 

PEN and a 70 naphthalate/30 terephthalate copolyester 
(coPEN) were synthesized in a standard polyester resin 
kettle using ethylene glycol as the diol. The intrinsic vis- 
cosity of both the PEN and the coPEN was approximately 
0.6 dl/g. Single layer films of PEN and coPEN were 
extruded and then uniaxially stretched, with the sides 
restrained, at approximately 150° C. As extruded, the PEN 
exhibited an isotropic refractive index of about 1.65, and the 
coPEN was characterized by an isotropic refractive index of 
about 1.64. By isotropic is meant that the refractive indices 
associated with all axes in the plane of the film are substan- 
tially equal. Both refractive index values were observed at 
550 nm. After stretching at a 5:1 stretch ratio, the refractive 
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index of the PEN associated with the oriented axis increased 
to approximately 1.88. The refractive index associated with 
the transverse axis dropped slightly to 1.64. The refractive 
index of the coPEN film after stretching at a 5:1 stretch ratio 
remained isotropic at approximately 1.64. 5 

A satisfactory multilayer polarizer was then made of 
alternating layers of PEN and coPEN by coextrusion using 
a 51 -slot feed block which fed a standard extrusion die. The 
extrusion was run at approximately 295° C. The PEN was 
extruded at approximately 23 lb/hr and the coPEN was 10 
extruded at approximately 22.3 lb,hr. The PEN skin layers 
were approximately three times as thick as the layers within 
the extruded film stack. All internal layers were designed to 
have an optical Va wavelength thickness for light of about 
1300 nm. The 51 -layer stack was extruded and cast to a 15 
thickness of approximately 0.0029 inches, and then uniaxi- 
ally stretched with the sides restrained at approximately a 
5:1 stretch ratio at approximately 150° C. The stretched film 
had a thickness of approximately 0.0005 inches. 

The stretched film was then heat set for 30 seconds at 20 
approximately 230° C. in an air oven. The optical spectra 
were essentially the same for film that was stretched and for 
film that was subsequently heat set. 

FIG. 5 is a graphical view of percent measured transmis- 
sion of the 51 -layer stack in both an oriented direction 50 
and in a transverse direction 52 prior to heat setting. 

Eight 51 -layered polarizers, each made as described 
above, were combined using a fluid to eliminate the air gaps 
forming a polarizer of 408 optical layers. FIG. 6 is a graph 30 
that characterizes the 408 layers showing percent transmis- 
sion from 350 to 1,800 nm in both an oriented direction 54 
and in a transverse direction 56. 

EXAMPLE 2 35 

(Polarizer) 

A satisfactory 2041ayered polarizer was made by extrud- 
ing PEN and coPEN in the 51 -slot feedblock as described in 
Example 1 and then employing two layer doubling multi- 40 
pliers in series in the extrusion. The multipliers divide the 
extruded material exiting the feed block into two half -width 
flow streams, then stack the hall-width flow streams on top 
of each other. U.S. Pat. No. 3,565,985 describes similar 
coextrusion multipliers. The extrusion was performed at 45 
approximately 295° C. using PEN at an intrinsic viscosity of 
0.50 dl/g at 22.5 lb/hr while the coPEN at an intrinsic 
viscosity of 0.60 dl/g was run at 16.5 lb hr. The cast web was 
approximately 0.0038 inches in thickness and was uniaxially 
stretched at a 5:1 ratio in a longitudinal direction with the 50 
sides restrained at an air temperature of 140° C. during 
stretching. Except for skin layers, all pairs of layers were 
designed to be Vi wavelength optical thickness for 550 nm 
light. In the transmission spectra of FIG. 7 two reflection 
peaks in the oriented direction 60 are evident from the 55 
transmission spectra, centered about 550 nm. The double 
peak is most likely a result of film errors introduced in the 
layer multipliers, and the broad background a result of 
cumulative film errors throughout the extrusion and casting 
process. The transmission spectra in the transverse direction 50 
is indicated by 58. Optical extinction of the polarizer can be 
greatly improved by laminating two of these films together 
with an optical adhesive. 

Two 204-layer polarizers made as described above were 
then hand -laminated using an optical adhesive to produce a 65 
408-layered film stack. Preferably the refractive index of the 
adhesive should match the index of the isotropic coPEN 
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layer. The reflection peaks evident in FIG. 7 are smoothed 
out for a laminated sample, as shown in FIG. 8. This occurs 
because the peak reflectivity occurs at different wavelengths 
for different areas of the film, in a random pattern. This effect 
is often referred to as "iridescence". Lamination of two films 
reduces iridescence because the random variations in color 
do not match from one film to another, and tend to cancel 
when the films are overlapped. 

FIG. 8 illustrates the transmission data in both the ori- 
ented direction 64 and transverse direction 62. Over 80 
percent of the light in one plane of polarization is reflected 
for wavelengths in a range from approximately 450 to 650 
nm. 

The iridescence is essentially a measure of nonuniformi- 
ties in the film layers in one area versus adjacent areas. With 
perfect thickness control, a film stack centered at one 
wavelength would have no color variation across the 
sample. Multiple stacks designed to reflect the entire visible 
spectrum will have iridescence if significant light leaks 
through random areas at random wavelengths, due to layer 
thickness errors. The large differential index between film 
layers of the polymer systems presented here enable film 
reflectivities of greater than 99 percent with a modest 
number of layers. This is a great advantage in eliminating 
iridescence if proper layer thickness control can be achieved 
in the extrusion process. Computer based optical modeling 
has shown that greater than 99 percent reflectivity across 
most of the visible spectrum is possible with only 600 layers 
for a PEN/coPEN polarizer if the layer thickness values are 
controlled with a standard deviation of less than or equal to 
10 percent. 

EXAMPLE 3 
(PET:Ecdel, 601, Mirror) 

A coextruded film containing 601 layers was made on a 
sequential flat-film-making line via a coextrusion process. A 
Polyethylene terephthalate (PET) with an Intrinsic Viscosity 
of 0.6 dog (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 75 pounds per hour and 
Ecdel 9966 (a thermoplastic elastomer available from East- 
man Chemical) was delivered by another extruder at a rate 
of 65 pounds per hour. The PET was on the skin layers. The 
feedblock method (such as that described in U.S. Pat. No. 
3,801,429) was used to generate 151 layers which was 
passed through two multipliers producing an extrudate of 
601 layers. U.S. Pat. No. 3.565.985 describes exemplary 
coextrusion multipliers. The web was length oriented to a 
draw ratio of about 3.6 with the web temperature at about 
210° F. The film was subsequently preheated to about 235° 
F. in about 50 seconds and drawn in the transverse direction 
to a draw ratio of about 4.0 at a rate of about 6% per second. 
The film was then relaxed about 5% of its maximum width 
in a heat-set oven set at 400° F. The finished film thickness 
was 2.5 mil. 

The cast web produced was rough in texture on the air 
side, and provided the transmission as shown in FIG. 21. The 
% transmission for p-polarized light at a 60° angle (curve b) 
is similar the value at normal incidence (curve a) (with a 
wavelength shift). 

For comparison, film made by Mearl Corporation, pre- 
sumably of isotropic materials (see FIG. 22) shows a notice- 
able loss in reflectivity for p-polarized light at a 60° angle 
(curve b, compared to curve a for normal incidence). 

EXAMPLE 4 

(PET: Ecdel, 151, Mirror) 

A coextruded film containing 151 layers was made on a 
sequential flat-film-making line via a coextrusion process. A 



US 6,635,337 B2 



21 



22 



Polyethylene terephthalate (PET) with an Intrinsic Viscosity 
of 0.6 dl/g (60 wt phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 75 pounds per hour and 
Ecdel 9966 (a thermoplastic elastomer available from East- 
man Chemical) was delivered by another extruder at a rate 5 
of 65 pounds per hour. The PET was on the skin layers. The 
feedblock method was used to generate 151 layers. The web 
was length oriented to a draw ratio of about 3.5 with the web 
temperature at about 210° F. The film was subsequently 
preheated to about 215° F. in about 12 seconds and drawn in 10 
the transverse direction to a draw ratio of about 4.0 at a rate 
of about 25% per second. The film was then relaxed about 
5% of its maximum width in a heat-set oven set at 400° F. 
in about 6 seconds. The finished film thickness was about 0.6 
mil. 15 

The transmission of this film is shown in FIG. 23. The % 
transmission for p -polarized light at a 60° angle (curve b) is 
similar the value at normal incidence (curve a) with a 
wavelength shift. At the same extrusion conditions the web 
speed was slowed down to make an infrared reflecting film 20 
with a thickness of about 0.8 mils. The transmission is 
shown in FIG. 24 (curve a at normal incidence, curve b at 60 
degrees). 

EXAMPLE 5 25 

(PEN: Ecdel, 225, Mirror) 

A coextruded film containing 225 layers was made by 
extruding the cast web in one operation and later orienting 3Q 
the film in a laboratory film -stretching apparatus. A Poly- 
ethylene naphthalate (PEN) with an Intrinsic Viscosity of 0.5 
dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 18 pounds per hour and 
Ecdel 9966 (a thermoplastic elastomer available from East- 35 
man Chemical) was delivered by another extruder at a rate 
of 17 pounds per hour. The PEN was on the skin layers. The 
feedblock method was used to generate 57 layers which was 
passed through two multipliers producing an extrudate of 
225 layers. The cast web was 12 mils thick and 12 inches 4Q 
wide. The web was later biaxially oriented using a labora- 
tory stretching device that uses a pantograph to grip a square 
section of film and simultaneously stretch it in both direc- 
tions at a uniform rate. A 7.46 cm square of web was loaded 
into the stretcher at about 100° C. and heated to 130° C. in 
60 seconds. Stretching then commenced at 100%/sec (based 
on original dimensions) until the sample was stretched to 
about 3.5x3.5. Immediately after the stretching the sample 
was cooled by blowing room temperature air on it. 

FIG. 25 shows the optical response of this multilayer film 50 
(curve a at normal incidence, curve b at 60 degrees). Note 
that the % transmission for p-polarized light at a 60° angle 
is similar to what it is at normal incidence (with some 
wavelength shift). 

EXAMPLE 6 

(PEN:THV 500, 449, Mirror) 

A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting 60 
the film in a laboratory film-stretching apparatus. A Poly- 
ethylene naphthalate (PEN) with an Intrinsic Viscosity of 
0.53 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 56 pounds per hour and 
THV 500 (a fluoropolymer available from Minnesota Min- 65 
ing and Manufacturing Company) was delivered by another 
extruder at a rate of 11 pounds per hour. The PEN was on the 
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skin layers and 50% of the PEN was present in the two skin 
layers. The feedblock method was used to generate 57 layers 
which was passed through three multipliers producing an 
extrudate of 449 layers. The cast web was 20 mils thick and 
12 inches wide. The web was later biaxially oriented using 
a laboratory stretching device that uses a pantograph to grip 
a square section of film and simultaneously stretch it in both 
directions at a uniform rate. A 7.46 cm square of web was 
loaded into the stretcher at about 100° C. and heated to 140° 
C. in 60 seconds. Stretching then commenced at 10%/sec 
(based on original dimensions) until the sample was 
stretched to about 3.5x3.5. Immediately after the stretching 
the sample was cooled by blowing room temperature air at 
it. 

FIG. 26 shows the transmission of this multilayer film, 
Again, curve a shows the response at normal incidence, 
while curve b shows the response at 60 degrees. 

EXAMPLE 7 

(PEN:CoPEN, 449-Low Color Polarizer) 

A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting 
the film in a laboratory film -stretching apparatus. A Poly- 
ethylene naphthalate (PEN) with an Intrinsic Viscosity of 
0.56 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 43 pounds per hour and 
a coPEN (70 mol % 2,6 NDC and 30 mol % DMT) with an 
intrinsic viscosity of 0.52 (60 wt. % phenol/40 wt. % 
dichlorobenzene) was delivered by another extruder at a rate 
of 25 pounds per hour. The PEN was on the skin layers and 
40% of the PEN was present in the two skin layers. The 
feedblock method was used to generate 57 layers which was 
passed through three multipliers producing an extrudate of 
449 layers. The cast web was 10 mils thick and 12 inches 
wide. The web was later uniaxially oriented using a labo- 
ratory stretching device that uses a pantograph to grip a 
square section of film and stretch it in one direction while it 
is constrained in the other at a uniform rate. A 7.46 cm 
square of web was loaded into the stretcher at about 100° C. 
and heated to 140° C. in 60 seconds. Stretching then 
commenced at 10%/sec (based on original dimensions) until 
the sample was stretched to about 5.5x1. Immediately after 
the stretching the sample was cooled by blowing room 
temperature air at it. 

FIG. 27 shows the transmission of this multilayer film. 
Curve a shows transmission of light polarized in the non- 
stretch direction at normal incidence, curve b shows trans- 
mission of p-polarized light at 60° incidence, and curve c 
shows transmission of light polarized in the stretch direction 
at normal incidence. Note the very high transmission of light 
polarized in the non-stretch direction at both normal and 60° 
incidence. Average transmission for curve a over 400-700 
nm is 87.1%, while average transmission for curve b over 
400-700 nm is 97.1%. Transmission is higher for 
p-polarized light at 60° incidence because the air/PEN 
interface has a Brewster angle near 60°, so the transmission 
at 60° incidence is nearly 100%. Also note the high extinc- 
tion of light polarized in the stretched direction in the visible 
range (400— 700nm) shown by curve c, where the average 
transmission is 21.0%. The % RMS color for curve a is 
1.5%. The % RMS color for curve b is 1.4%. 

EXAMPLE 8 

(PEN:CoPEN. 601-High Color Polarizer) 

A coextruded film containing 601 layers was produced by 
extruding the web and two days later orienting the film on 
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a different tenter than described in all the other examples. A 
Polyethylene Naphthalate (PEN) with an Intrinsic Viscosity 
of 0.5 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 75 pounds per hour and 
a coPEN (70 mol % 2,6 NDC and 30 mol % DMT) with an 5 
IV of 0.55 dl/g (60 wt. % phenol/40 wt. 7 dichlorobenzene) 
was delivered by another extruder at a rate of 65 pounds per 
hour. The PEN was on the skin layers. The feedblock 
method was used to generate 151 layers which was passed 
through two multipliers producing an extrudate of 601 10 
layers. U.S. Pat. No. 3.565.985 describes similar coextrusion 
multipliers. All stretching was done in the tenter. The film 
was preheated to about 280° F. in about 20 seconds and 
drawn in the transverse direction to a draw ratio of about 4.4 
at a rate of about 6% per second. The film was then relaxed 15 
about 2% of its maximum width in a heat-set oven set at 
460° F. The finished film thickness was 1.8 mil. 

The transmission of the film is shown in FIG. 28. Curve 
a shows transmission of light polarized in the non-stretch 
direction at normal incidence, curve b shows transmission of 20 
p-polarized light at 60° incidence, and curve c shows trans- 
mission of light polarized in the stretch direction at normal 
incidence. Note the nonuniform transmission of p-polarized 
light at both normal and 60° incidence. The average trans- 
mission for curve a over 400-700 nm is 84.1%, while the 25 
average transmission for curve b over 400-700 nm is 68.2%. 
The average transmission for curve c is 9.1%. The % RMS 
color for curve a is 1.4%, and the % RMS color for curve b 
is 11.2%. 

30 

EXAMPLE 9 
(PET: CoPEN, 449, Polarizer) 

A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting 35 
the film in a laboratory film -stretching apparatus. A Poly- 
ethylene Terephthalate (PET) with an Intrinsic Viscosity of 
0.60 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 26 pounds per hour and 
a coPEN (70 mol % 2,6 NDC and 30 mol % DMT) with an 40 
intrinsic viscosity of 0.53 (60 wt. % phenol/40 wt. % 
dichlorobenzene) was delivered by another extruder at a rate 
of 24 pounds per hour. The PET was on the skin layers. The 
feedblock method was used to generate 57 layers which was 
passed through three multipliers producing an extrudate of 45 
449 layers. U.S. Pat. No. 3.565,985 describes similar coex- 
trusion multipliers. The cast web was 7.5 mils thick and 12 
inches wide. The web was later uniaxially oriented using a 
laboratory stretching device that uses a pantograph to grip a 
square section of film and stretch it in one direction while it 50 
is constrained in the other at a uniform rate. A 7.46 cm 
square of web was loaded into the stretcher at about 100° C. 
and heated to 120° C. in 60 seconds. Stretching then 
commenced at 10%/sec (based on original dimensions) until 
the sample was stretched to about 5.0x1. Immediately after 55 
the stretching the sample was cooled by blowing room 
temperature air at it. The finished film thickness was about 
1.4 mil. This film had sufficient adhesion to survive the 
orientation process with no delamination. 

FIG. 29 shows the transmission of this multilayer film. 60 
Curve a shows transmission of light polarized in the non- 
stretch direction at normal incidence, curve b shows trans- 
mission of p-polarized light at 60° incidence, and curve c 
shows transmission of light polarized in the stretch direction 
at normal incidence, Note the very high transmission of 65 
p-polarized light at both normal and 60° incidence. The 
average transmission for curve a over 400-700 nm is 88.0%, 
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and the average transmission for curve b over 400-700 nm 
is 91.2%. The average transmission for curve c over 
400-700 mn is 27.9%. The % RMS color for curve a is 
1.4%, and the % RMS color for curve b is 4.8%. 

EXAMPLE 10 

(PEN7. CoPEN, 601, Polarizer) 

A coextruded film containing 601 layers was made on a 
sequential flat-film-making line via a coextrusion process. A 
Polyethylene naphthalate (PEN) with an intrinsic viscosity 
of 0.54 dl/g (60 wt % Phenol plus 40 wt % dichlorobenzene) 
was delivered by on extruder at a rate of 75 pounds per hour 
and the coPEN was delivered by another extruder at 65 
pounds per hour. The coPEN was a copolymer of 70 mole % 
2,6 naphthalene dicarboxylate methyl ester, 15% dimethyl 
isophthalate and 15% dimethyl terephthalate with ethylene 
glycol. The feedblock method was used to generate 151 
layers. The feedblock was designed to produce a gradient 
distribution of layers with a ration of thickness of the optical 
layers of 1.22 for the PEN and 1.22 for the coPEN. The PEN 
skin layers were coextruded on the outside of the optical 
stack with a total thickness of 8% of the coextruded layers. 
The optical stack was multiplied by two sequential multi- 
pliers. The nominal multiplication ratio of the multipliers 
were 1.2 and 1.27, respectively. The film was subsequently 
preheated to 310° F. in about 40 seconds and drawn in the 
transverse direction to a draw ratio of about 5.0 at a rate of 
6% per second. The finished film thickness was about 2 mils. 

FIG. 30 shows the transmission for this multilayer film. 
Curve a shows transmission of light polarized in the non- 
stretch direction at normal incidence, curve b shows trans- 
mission of p-polarized light at 60° incidence, and curve c 
shows transmission of light polarized in the stretch direction 
at normal incidence. Note the very high transmission of 
p-polarized light at both normal and 600° incidence 
(80—100%). Also note the very high extinction of light 
polarized in the stretched direction in the visible range 
(400-700 nm) shown by curve c. Extinction is nearly 100% 
between 500 and 650 nm. 

EXAMPLE 11 

(PEN:sPS, 481, Polarizer) 

A 481 layer multilayer film was made from a polyethylene 
naphthalate (PEN) with an intrinsic viscosity of 0.56 dl/g 
measured in 60 wt. % phenol and 40 wt % dichlorobenzene 
purchased from Eastman Chemicals and a syndiotactic poly- 
styrene (sPS) homopolymer (weight average molecular 
weight=200.000 Daltons, sampled from Dow Corporation). 
The PEN was on the outer layers and was extruded at 26 
pounds per hour and the sPS at 23 pounds per hour. The 
feedblock used produced 61 layers with each of the 61 being 
approximately the same thickness. After the feedblock three 
(2x) multipliers were used. Equal thickness skin layers 
containing the same PEN fed to the feedblock were added 
after the final multiplier at a total rate of 22 pounds per hour. 
The web was extruded through a 12" wide die to a thickness 
or about 0.011 inches (0.276 mm). The extrusion tempera- 
ture was 290° C. 

This web was stored at ambient conditions for nine days 
and then uniaxially oriented on a tenter. The film was 
preheated to about 320° F. (160° C.) in about 25 seconds and 
drawn in the transverse direction to a draw ratio of about 6:1 
at a rate of about 28% per second. No relaxation was allowed 
in the stretched direction. The finished film thickness was 
about 0.0018 inches (0.046 mm). 
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FIG. 31 shows the optical performance of this PENisPS 
reflective polarizer containing 481 layers. Curve a shows 
transmission of light polarized in the non-stretch direction at 
normal incidence, curve b shows transmission of p-polarized 
light at 60° incidence, and curve c shows transmission of 5 
light polarized in the stretch direction at normal incidence. 
Note the very high transmission of p-polarized light at both 
normal and 60° incidence. Average transmission for curve a 
over 400—700 nm is 86.2%, the average transmission for 
curve b over 400—700 nm is 79.7%. Also note the very high 10 
extinction of light polarized in the stretched direction in the 
visible range (400-700 nm) shown by curve c. The film has 
an average transmission of 1.6% for curve c between 400 
and 700 nm. The % RMS color for curve a is 3.2%, while 
the % RMS color for curve b is 18.2%. 15 

EXAMPLE 12 

(PET:Ecdel 601, Mirror) 

A coextruded film containing 601 layers was made on a 20 
sequential flat-film -making line via a coextrusion process. A 
Polyethylene terephthalate (PET) with an Intrinsic Viscosity 
of 0.6 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered to the feedblock at a rate of 75 pounds per hour and 
Ecdel 9967 (a thermoplastic elastomer available from East- 25 
man Chemical) was delivered at a rate of 60 pounds per 
hour. The PET was on the skin layers. The feedblock method 
was used to generate 151 layers which was passed through 
two multipliers producing an extrudate of 601 layers. The 
multipliers had a nominal multiplication ratio of 1.2 (next to 30 
feedblock) and 1.27. Two skin layers at a total throughput of 
24 pounds per hour were added symmetrically between the 
last multiplier and the die. The skin layers were composed 
of PET and were extruded by the same extruder supplying 
the PET to the feedblock. The web was length oriented to a 3:> 
draw ratio of about 3.3 with the web temperature at about 
205° F. The film was subsequently preheated to about 205° 
F. in about 35 seconds and drawn in the transverse direction 
to a draw ratio of about 3.3 at a rate of about 9% per second. 
The film was then relaxed about 3% of its maximum width 40 
in a heat-set oven set at 450° F. The finished film thickness 
was about 0.0027 inches. 

The film provided the optical performance as shown in 
FIG. 32. Transmission is plotted as curve a and reflectivity 45 
is plotted as curve b. The luminous reflectivity for curve b 
is 91.5%. 

EXAMPLE 13 

(PEN:CoPEN, 601, Antireflected Polarizer) 50 

A coextruded film containing 601 layers was made on a 
sequential flat-film-making line via a coextrusion process. A 
Polyethylene naphthalate (PEN) with an intrinsic viscosity 
of 0.54 dl/g (60 wt % Phenol plus 40 wt % dichlorobenzene) 55 
was delivered by on extruder at a rate of 75 pounds per hour 
and the coPEN was delivered by another extruder at 65 
pounds per hour. The coPEN was a copolymer of 70 mole % 
2.6 naphthalene dicarboxylate methyl ester, 30% dimethyl 
terephthalate with ethylene glycol. The feedblock method 60 
was used to generate 151 layers. The PEN skin layers were 
coextruded on the outside of the optical stack with a total 
thickness of 8% of the coextruded layers. The feedblock was 
designed to make a linear gradient in layer thickness for a 
149 layer optical stack with the thinnest layers on one side 65 
of the stack. The individual layer thicknesses were designed 
in pairs to make equal thickness layers of the PEN and 
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coPEN for each pair. Each pair thickness, d, was determined 
by the formula d=do+do* 0.003* n, where do is the minimum 
pair thickness, and n is the pair number between 1 and 75. 
The optical stack was multiplied by two sequential multi- 
pliers. The nominal multiplication ratio of the multipliers 
were 1.2 and 1.27, respectively. The film was subsequently 
preheated to 320° F. in about 40 seconds and drawn in the 
transverse direction to a draw ratio of about 5.0 at a rate of 
6% per second. The finished film thickness was about 2 mils. 

Asilical sol gel coating was then applied to one side of the 
reflecting polarizer film. The index of refraction of this 
coating was approximately 1.35. Two pieces of the AR 
coated reflecting polarizer film were cut out and the two 
were laminated to each other with the AR coatings on the 
outside. Transmission spectra of polarized light in the 
crossed and parallel directions were obtained. The sample 
was then rinsed with a 2% solution of ammonium bifluoride 
(NH4 HF2) in deionized water to remove the AR coating. 
Spectra of the bare multilayer were then taken for compari- 
son to the coated sample. 

FIG. 33 shows the spectra of the coated and uncoated 
polarizer. Curves a and b show the transmission and 
extinction, respectively, of the AR coated reflecting 
polarizer, and curves c and d show the transmission and 
extinction, respectively, of the uncoated reflecting polarizer. 
Note that the extinction spectrum is essentially unchanged, 
but that the transmission values for the AR coated polarizer 
are almost 10% higher. Peak gain was 9.9% at 565 nm, while 
the average gain from 425 to 700 run was 9.1%. Peak 
transmission of the AR coated polarizer was 97.0% at 675 
nm. Average transmissions for curve a over 400-700 nm was 
95.33%, and average transmission for curve d over 400—700 
nm was 5.42%. 

EXAMPLE 14 

(PET: Ecdel, 601, Polarizer) 

A coextruded film containing 601 layers was made on a 
sequential flat-film-making line via a coextrusion process. A 
polyethylene terephthalate (PET) with an Intrinsic Viscosity 
of 0.6 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered to a feedblock by one extruder at a rate of 75 
pounds per hour and Ecdel 9967 (a thermoplastic elastomer 
available from Eastman Chemical) was delivered to the 
feedblock by another extruder at a rate of 60 pounds per 
hour. The PET was on the skin layers. The feedblock method 
was used to generate 151 layers which passed through two 
multipliers (2x) producing an extrudate of 601 layers. Aside 
stream with a throughput of 50 pounds per hour was taken 
from the PET extruder and used to add two skin layers 
between the last multiplier and the die. The web was length 
oriented to a draw ratio of about 5.0 with the web tempera- 
ture at about 210° F. The film was not tentered. The finished 
film thickness was about 2.7 mil. 

FIG. 34 shows the transmission for this film. Curve a 
shows the transmission of light polarized in the stretch 
direction, while curve b shows the transmission of light 
polarized orthogonal to the stretch direction. The average 
transmission from 400—700 nm for curve a is 39.16%. 

EXAMPLE 15 

(PEN: CoPEN, 449, Polarizers) 

A coextruded film containing 449 layers was made by 
extruding the cast web in one operation and later orienting 
the film in a laboratory film-stretching apparatus. A poly- 
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ethylene naphthalate (PEN) with an Intrinsic Viscosity of 
0.53 dl/g (60 wt. % phenol/40 wt. % dichlorobenzene) was 
delivered by one extruder at a rate of 26.7 pounds per hour 
to the feedblock and a different material was delivered by 
second extruder at a rate of 25 pounds per hour to the 5 
feedblock. The PEN was the skin layers. The feedblock 
method was used to generate 57 layers which passed through 
three multipliers producing an extrudate of 449 layers. The 
cast web was 0.0075 mils thick and 12 inches wide. The web 
was later uniaxially oriented using a laboratory stretching 10 
device that uses a pantograph to grip a square section of film 
and stretch it in one direction at a uniform rate while it is 
constrained in the other. A 7.46 cm square of web was loaded 
into the stretcher at about 100° C. and heated to 140° C. for 
60 seconds. Stretching then commenced at 10%/sec (based 15 
on original dimensions) until the sample was stretched to 
about 5.5x1. Immediately after stretching, the sample was 
cooled by blowing room temperature air at it. 

The input to the second extruder was varied by blending 
pellets of the following poly(ethylene esters) three materials: 20 
(i) a coPEN (70 mol % 2.6-napthalene dicardoxylate and 30 
mol % terephthalate) with an intrinsic viscosity of 0.52 (60 
wt. % phenol/40 wt. % dichlorobenzene); (ii) the PEN, same 
material as input to first extruder: (iii) a PET, with an 
intrinsic viscosity of 0.95 (60 wt. % phenol/40 wt. % 25 
dichlorobenzene). TTF 9506 purchased from Shell. 

For the film shown in FIG. 35 A the input to the second 
extruder was 80-wt % of the coPEN and 20 wt % of the 
PEN: for the film shown in FIG. 35B the input to the second 
extruder was 80 wt % of the coPEN and 20 wt % of the PET: 30 
for the film shown in FIG. 35C the input to the second 
extruder was coPEN. 

FIGS. 35 A, 35B, and 35C show the transmission of these 
multilayer films where curve a shows transmission of light 
polarized in the non-stretch direction at normal incidence, 
curve b shows transmission of p-polarized light polarized in 
the non-stretched direction at 60° incidence, and curve c 
shows transmission of light polarized in the stretch direction 
at normal incidence. Note that the optical response of these 
films is sensitive to the chemical composition of the layers 
from the second extruder. The average transmission for 
curve c in FIG. 35Ais 43.89%, the average transmission for 
curve c in FIG. 35B is 1.52%, and the average transmission 
for curve c in FIG. 35C is 12.48%. Thus, extinction is 
increased from FIG. 35A to FIG. 35C. 45 

For the examples using the 57 layer feedblock, all layers 
were designed for only one optical thickness QA of 550 nm), 
but the extrusion equipment introduces deviations in the 
layer thicknesses throughout the stack resulting in a fairly 5Q 
broadband optical response. For examples made with the 
151 layer feedblock, the feedblock is designed to create a 
distribution of layer thicknesses to cover a portion of the 
visible spectrum. Asymmetric multipliers were then used to 
broaden the distribution of layer thicknesses to cover most 55 
of the visible spectrum as described in U.S. Pat. Nos. 
5,094,788 and 5,094,793. 

Although the present invention has been described with 
reference to preferred embodiments, those of skill in the art 
will recognize that changes may be made in form and detail 60 
without departing from the spirit and scope of the invention. 

We claim: 

1. A multilayered optical film, comprising: 
a plurality of alternating first and second optical layers; 
wherein the first optical layers comprise a first polymer 65 
selected from polyalkylene terephthalates, polyalky- 
lene naphthalates, and copolymers of polyalkylene 
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naphthalates and the first polymer has at least 0.05 
difference in in -plane refractive indices; and 
wherein the second optical layers comprise a second 
polymer selected from copolyesters and copolycarbon- 
ates and the second polymer has isotropic in-plane 
refractive indices. 

2. The multilayered optical film of claim 1, wherein the 
first polymer has at least 0.20 difference in in-plane refrac- 
tive indices. 

3. The multilayered optical film of claim 1, wherein the 
first polymer is a copolymer of a polyalkylene naphthalate 
formed using at least one comonomer selected from 
isophthalic, azelaic, adipic, sebacic, dibenzoic, terephthalic, 
2,7-naphthalene, 2,6-naphthalene, and cyclohexane dicar- 
boxylic acids and esters thereof. 

4. The multilayered optical film of claim 1, wherein the 
first polymer is selected from polyethylene naphthalate, 
polybutylene naphthalate, copolymers of polyethylene 
naphthalate, and copolymers of polybutylene naphthalate. 

5. The multilayered optical film of claim 1, wherein the 
first polymer is selected from polyethylene naphthalate and 
copolymers of polyethylene naphthalate. 

6. The multilayered optical film of claim 5, wherein the 
first polymer is a copolymer of polyethylene naphthalate 
formed using at least one comonomer selected from 
phthalic, isophthalic, azelaic, adipic, sebacic, dibenzoic, 
terephthalic, 2,7-naphthalene, 2,6-naphthalene, and cyclo- 
hexane dicarboxylic acids and esters thereof. 

7. The multilayered optical film of claim 5, wherein the 
first polymer has at least 0.20 difference in in-plane refrac- 
tive indices. 

8. The multilayered optical film of claim 1, wherein the 
first polymer is polyethylene terephthalate. 

9. The multilayered optical film of claim 1, wherein the 
second polymer is selected from copolymers of polyalkylene 
naphthalates and copolymers of polyalkylene terephthalates. 

10. The multilayered optical film of claim 1, wherein the 
second polymer is a copolymer of polyethylene naphthalate. 

11. The multilayered optical film of claim 10, wherein the 
copolymer of polyethylene naphthalate is formed using at 
least one comonomer selected from phthalic, isophthalic, 
azelaic, adipic, sebacic, dibenzoic, terephthalic, 2,7- 
naphthalene, 2,6-naphthalene, and cyclohexane dicarboxylic 
acids and esters thereof. 

12. The multilayered optical film of claim 10, wherein the 
copolymer of polyethylene naphthalate is formed using at 
least one comonomer selected from propane diol, butane 
diol, neopentyl glycol, polyethylene glycol, tetramethylene 
glycol, dimethylene glycol, cyclohexanedimethanol, 
4-hydroxy diphenol, bisphenol A, 1,8-dihydroxy biphenyl, 
and l,3-bis(2-hydroxyethoxy)benzene. 

13. The multilayered optical film of claim 1, wherein the 
second polymer is a copolymer of polyethylene terephtha- 
late. 

14. The multilayered optical film of claim 1, wherein the 
first polymer is polyethylene naphthalate and the second 
polymer is a copolymer of polyethylene naphthalate. 

15. The multilayered optical film of claim 1, wherein the 
first polymer is a copolymer of polyethylene naphthalate and 
the second polymer is a copolymer of polyethylene naph- 
thalate. 

16. The multilayered optical film of claim 1, wherein the 
first polymer is polyethylene naphthalate and the second 
polymer is a copolymer of polyethylene terephthalate. 

17. The multilayered optical film of claim 1, wherein the 
first polymer is polyethylene terephthalate and the second 
polymer is a copolymer of polyethylene naphthalate. 
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18. The multilayered optical film of claim 1, wherein the 
second polymer is selected from a copolymer of polyethyl- 
ene naphthalate with 70 mol % naphthalate and 30 mol % 
terephthalate and a copolymer of polyethylene naphthalate 
with 70 mol % naphthalate, 15 mol % terephthalate, and 15 
mol % isophthalate. 

19. A polarizer, comprising: 

a plurality of alternating first and second optical layers; 

wherein the first optical layers comprise a first polymer 
selected from polyalkylene naphthalates and copoly- 
mers of polyalkylene naphthalates and the first polymer 
has at least 0.05 difference in in-plane refractive indi- 
ces; and 

wherein the second optical layers comprise a second 
polymer selected from copolyesters and copolycarbon- 
ates and the second polymer has isotropic in-plane 
refractive indices. 

20. The polarizer of claim 19, wherein the first polymer 
has at least 0.20 difference in in-plane refractive indices. 

21. The polarizer of claim 19, wherein the first polymer is 
a copolymer of a polyalkylene naphthalate formed using at 
least one comonomer selected from isophthalic, azelaic, 
adipic, sebacic, dibenzoic, terephthalic, 2,7-naphthalene, 
2,6-naphthalene, and cyclohexane dicarboxylic acids and 
esters thereof. 

22. The polarizer of claim 19, wherein the second polymer 
is selected from copolymers of polyalkylene naphthalates 
and copolymers of polyalkylene terephthalates. 

23. The polarizer of claim 19, wherein the second polymer 
is a copolymer of polyethylene naphthalate. 

24. The polarizer of claim 23, wherein the copolymer of 
polyethylene naphthalate is formed using at least one 
comonomer selected from phthalic, isophthalic, azelaic, 
adipic, sebacic, dibenzoic, terephthalic, 2,7-naphthalene, 
2,6-naphthalene, and cyclohexane dicarboxylic acids and 
esters thereof. 

25. The polarizer of claim 23, wherein the copolymer of 
polyethylene naphthalate is formed using at least one 
comonomer selected from propane diol, butane diol, neo- 
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pentyl glycol, polyethylene glycol, tetramethylene glycol, 
dimethylene glycol, cyclohexanedimethanol, 4-hydroxy 
diphenol, bisphenol A, 1,8-dihydroxy biphenyl, and 1,3-bis 
(2-hydroxyethoxy)benzene. 
5 26. The polarizer of claim 19, wherein the first polymer is 
a copolymer of polyethylene naphthalate and the second 
polymer is a copolymer of polyethylene naphthalate. 

27. A polarizer, comprising: 

a plurality of alternating first and second optical layers; 
10 wherein the first optical layers comprise a first polymer 
selected from copolymers of polyethylene naphthalate 
and the first polymer has at least 0.05 difference in 
in-plane refractive indices; and 
5 wherein the second optical layers comprise a second 
polymer selected from copolymers of polyethylene 
naphthalate. 

28. The polarizer of claim 27, wherein the first polymer 
has at least 0.20 difference in in-plane refractive indices. 

2Q 29. The polarizer of claim 27, wherein the first polymer is 
a copolymer of a polyalkylene naphthalate formed using at 
least one comonomer selected from isophthalic, azelaic, 
adipic, sebacic, dibenzoic, terephthalic, 2,7-naphthalene, 
2,6-naphthalene, and cyclohexane dicarboxylic acids and 

25 esters thereof. 

30. The polarizer of claim 27, wherein the copolymer of 
polyethylene naphthalate is formed using at least one 
comonomer selected from phthalic, isophthalic, azelaic, 
adipic, sebacic, dibenzoic, terephthalic, 2,7-naphthalene, 

30 2,6-naphthalene, and cyclohexane dicarboxylic acids and 
esters thereof. 

31. The polarizer of claim 27, wherein the copolymer of 
polyethylene naphthalate is formed using at least one 
comonomer selected from propane diol, butane diol, neo- 

35 pentyl glycol, polyethylene glycol, tetramethylene glycol, 
dimethylene glycol, cyclohexanedimethanol, 4-hydroxy 
diphenol, bisphenol A, 1,8-dihydroxy biphenyl, and 1,3-bis 
(2-hydroxyethoxy)benzene. 
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ABSTRACT 



An optical compensatory sheet comprises an optically 
uniaxial or optically biaxial transparent stretched film. A Re 
retardation value in plane of the transparent stretched film 
measured at 550 nm fluctuates, in any direction parallel to 
the transparent stretched film surface, within the range of ±5 
nm based on the average Re value in each direction. A Rth 
retardation value along a thickness direction of the trans- 
parent stretched film fluctuates, in any direction parallel to 
the transparent stretched film surface, within the range of 
±10 nm based on the average Rth value in each direction. 

10 Claims, 1 Drawing Sheet 
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OPTICAL COMPENSATORY SHEET 
COMPRISING OPTICALLY UNIAXIAL OR 
BIAXIAL TRANSPARENT STRETCHED 
FILM 



FIELD OF THE INVENTION 

The present invention relates to an optical compensatory 
sheet comprising an optically uniaxial or optically biaxial 1Q 
transparent stretched film. The invention also relates to an 
optical compensatory sheet comprising the transparent 
stretched film and an optically anisotropic layer formed from 
liquid crystal molecules. The invention further relates to an 
ellipsoidal polarizing plate and a liquid crystal display 
equipped with the optical compensatory sheet. 

BACKGROUND OF THE INVENTION 

A liquid crystal display generally has a liquid crystal cell, 
polarizing plates and an optical compensatory sheet (phase 20 
retarder). In a display of transmission type, two polarizing 
plates are placed on both sides of the liquid crystal cell, and 
one or two optical compensatory sheets are placed between 
the liquid crystal cell and the polarizing plate. On the other 
hand, a display of reflection type comprises a reflection 25 
plate, a liquid crystal cell, one optical compensatory sheet 
and one polarizing plate piled up in this order. 

The liquid crystal cell comprises a pair of substrates, 
rod-like liquid crystal molecules and an electrode layer. The 
rod-like liquid crystal molecules are provided between the 30 
substrates, and the electrode layer has a function of applying 
a voltage to the rod-like liquid crystal molecules. According 
to alignment of the rod-like liquid crystal molecules in the 
cell, various display modes are proposed. Examples of the 
display modes for transmission type include TN (twisted 35 
nematic) mode, IPS (in-plane switching) mode, FLC 
(ferroelectric liquid crystal) mode, OCB (optically compen- 
satory bend) mode, STN (super twisted nematic) mode, VA 
(vertically aligned) mode and ECB (electrically controlled 
birefringence) mode. Examples of the modes for reflection 40 
type include TN mode, HAN (hybrid aligned nematic) mode 
and GH (guest-host) mode. 

The optical compensatory sheet is widely used in various 
liquid crystal displays because it prevents the displayed 
image from undesirable coloring and enlarges a viewing 
angle of a liquid crystal cell. As the optical compensatory 
sheet, a stretched birefringent polymer film has been con- 
ventionally used. 

In place of the stretched birefringent polymer film, an 50 
optical compensatory sheet having an optically anisotropic 
layer formed from liquid crystal molecules (such as discotic 
liquid crystal molecules, rod-like liquid crystal molecules) 
has been proposed. The optically anisotropic layer is pro- 
vided on a transparent film. Since the liquid crystal mol- 55 
ecules have various alignment forms, an optical compensa- 
tory sheet obtained from the liquid crystal molecules has a 
specific optical characteristic that cannot be obtained from 
the conventional stretched birefringent polymer film. 

The optical characteristic of the optical compensatory go 
sheet is designed according to that of the liquid crystal cells 
namely, according to display mode of the liquid crystal cell. 
If the optical compensatory sheet is made with liquid crystal 
molecules, various optical characteristics can be realized 
according to the display mode of the liquid crystal cell. 6 5 

For liquid crystal cells of various display modes, optical 
compensatory sheets using liquid crystal molecules have 



been proposed. For example, an optical compensatory sheet 
for liquid crystal cell of TN mode is described in Japanese 
Patent Provisional Publication No. 6(1994)-214116, U.S. 
Pat. Nos. 5,583,679, 5,646,703 and German Patent Publi- 
cation No. 3,911,620A1. An optical compensatory sheet for 
liquid crystal cell of IPS or FLC mode is described in 
Japanese Patent Provisional Publication No. 10(1998)- 
54982. An optical compensatory sheet for OCB or HAN 
mode is described in U.S. Pat. No. 5,805,253 and Interna- 
tional Patent Application No. WO96/37804. An optical 
compensatory sheet for STN mode is described in Japanese 
Patent Provisional Publication No. 9(1997)-26572. An opti- 
cal compensatory sheet for VA mode is described in Japa- 
nese Patent No. 2,866,372. 

If liquid crystal molecules are used in place of a conven- 
tional stretched birefringent polymer film, a liquid crystal 
cell can be optically compensated more correctly than 
before. For example, a liquid crystal cell comprising many 
essentially vertically aligned rod-like liquid crystal mol- 
ecules (e.g. liquid crystal cell of VA, OCB or HAN mode) 
can be effectively compensated by an optical compensatory 
sheet in which the discotic liquid crystal molecules are 
aligned under the condition that an average inclined angle 
between the discotic plane of the molecule and the surface 
of the transparent film is less than 5°. 

However, it is still very difficult to completely compen- 
sate a liquid crystal cell by the liquid crystal molecules 
alone, and hence it has been wanted to further improve the 
viewing angle character of liquid crystal display. 

International Patent Application No. WO00/49430 dis- 
closes a liquid crystal display having a liquid crystal cell 
strictly compensated for improving the viewing angle char- 
acter. In this display, the cell is compensated by an optical 
compensatory sheet comprising an optically anisotropic 
transparent film and a thereon-provided optically anisotropic 
layer formed from discotic liquid crystal molecules. 

SUMMERY OF THE INVENTION 

An optical compensatory sheet comprising a transparent 
stretched birefringent film can improve quality of an image 
on a liquid crystal display at a certain degree. An optical 
compensatory sheet comprising a transparent stretched poly- 
mer film and an optically anisotropic layer formed from 
liquid crystal molecules can also improve quality of an 
image. However, the viewing angle still changes according 
to the viewing position on the displaying screen of the liquid 
crystal display. Further, troubles of light leaks are sometimes 
observed in the image. The image may leak light along the 
frame of the image where the image should be black. The 
image may also leak light as a light spot within a black area. 

An object of the present invention is to provide an optical 
compensatory sheet that uniformly compensates a liquid 
crystal cell in a liquid crystal display. 

Another object of the invention is to provide a liquid 
crystal display in which the displaying screen is uniformly 
compensated by an optical compensatory sheet to improve 
the displaying quality such as viewing angle. 

A further object of the invention is to provide an optical 
compensatory sheet that uniformly compensates a liquid 
crystal cell without causing troubles of light leaks. 

A furthermore object of the invention is to provide a liquid 
crystal display in which troubles of light leaks are reduced. 

The applicant has found that an optical compensatory 
sheet having an even optical character in the plane can be 
obtained by stretching a transparent film under specific 
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conditions. The applicant has also found that the troubles of 
light leaks can be reduced by stretching the transparent film 
under specific conditions. 

The first embodiment of the present invention provides an 
optical compensatory sheet comprising an optically uniaxial 5 
or optically biaxial transparent stretched film, wherein a Re 
retardation value in plane of the transparent stretched film 
measured at 550 nm fluctuates, in any direction parallel to 
the transparent stretched film surface, within the range of ±5 
nm based on the average Re value in each direction, and a 10 
Rth retardation value along the thickness direction of the 
transparent stretched film fluctuates, in any direction parallel 
to the transparent stretched film surface, within the range of 
±10 nm based on the average Rth value in each direction. 

The first embodiment of the invention also provides an 15 
optical compensatory sheet comprising an optically uniaxial 
or optically biaxial transparent stretched film and an opti- 
cally anisotropic layer formed from discotic liquid crystal 
molecules, wherein a Re retardation value in plane of the 
transparent stretched film measured at 550 nm fluctuates, in 20 
any direction parallel to the transparent stretched film 
surface, within the range of ±5 nm based on the average Re 
value in each direction, a Rth retardation value along the 
thickness direction of the transparent stretched film 
fluctuates, in any direction parallel to the transparent 25 
stretched film surface, within the range of tic nm based on 
the average Rth value in each direction, and the discotic 
liquid crystal molecules are so aligned that an average 
inclined angle between the discotic plane of the molecule 
and the surface of the transparent stretched film is less than 30 
5°. 

The second embodiment of the present invention provides 
an optical compensatory sheet comprising an optically 
uniaxial or optically biaxial transparent stretched film, 
wherein the transparent stretched film has a breaking exten- 
sion along a stretching direction within the range of 10% to 
30%. 

The second embodiment of the invention also provides an 
optical compensatory sheet comprising an optically uniaxial 4Q 
or optically biaxial transparent stretched film and an opti- 
cally anisotropic layer formed from rod-like liquid crystal 
molecules, wherein the transparent stretched film has a 
breaking extension along a stretching direction within the 
range of 10% to 30%, and the rod-like liquid crystal mol- 45 
ecules are so aligned that an average inclined angle between 
the long axis of the molecule and the surface of the trans- 
parent stretched film is less than 5°. 

The invention further provides an ellipsoidal polarizing 
plate comprising two transparent protective films and a 50 
polarizing membrane provided between the transparent pro- 
tective films, wherein one of the transparent protective films 
is one of the above-mentioned optical compensatory sheets. 

The invention furthermore provides a liquid crystal dis- 
play comprising two polarizing plates and a liquid crystal 55 
cell of VA mode provided between the plates, said polarizing 
plate comprising two transparent protective films and a 
polarizing membrane provided between the transparent pro- 
tective films, wherein at least one of the transparent protec- 
tive films placed between the liquid crystal cell and the 60 
polarizing plates is one of the above-mentioned optical 
compensatory sheets. 

In the present specification, the term "slow axis" means 
the direction giving the maximum refractive index in the 
plane of the film. 65 

The term "stretching direction" means the direction in 
which the transparent film is stretched. In the case where the 
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film is multi-axially stretched, the term means the direction 
in which the film is stretched by the largest times. The angle 
between the slow axis and the stretching axis is so deter- 
mined that it may be an acute angle, and whether the angle 
is positive or negative is determined based on the stretching 
axis. 

The Re retardation value in plane and the Rth retardation 
value along the thickness direction of the transparent film 
are defined by the following formulas (I) and (II), respec- 
tively: 



Re={nx-ny)xd 
Rth=[{(nx+ny)/2}-nz]xd 



(I) 
(II) 



in which each of nx and ny is a refractive index in the plane 
of the film; nz is a refractive index along the thickness 
direction; and d is the thickness of the film. 

The Re retardation value in plane of the optical compen- 
satory sheet is defined by the following formula (I): 



Re= (nx-ny) x d 



(I) 



in which each of nx and ny is a refractive index in the plane 
of the sheet; and d is the thickness of the sheet. 

The retardation value along the thickness direction of the 
optical compensatory sheet is defined by the following 
formulas (II): 



Rth=[ { (nx+ny)!2 }-nz\x d 



(II) 



in which each of nx and ny is a refractive index in the plane 
of the sheet; nz is a refractive index along the thickness 
direction of the sheet; and d is the thickness of the sheet. 

The optical compensatory sheet or the ellipsoidal polar- 
izing plate may be cut (or punched out) according to the size 
of a liquid crystal cell to be used with the cell. 

In the present specification, the terms "essentially 
parallel", "essentially perpendicular" or the like means that 
the difference from the exact angle is within the range of 
±5°. The difference is preferably within the range of ±4°, 
more preferably within the range of ±3°, further preferably 
within the range of ±2°, and most preferably within the 
range of ±1°. 

The transparent film used in the optical compensatory 
sheet of the first embodiment (comprising a stretched bire- 
fringent transparent polymer film, or comprising a transpar- 
ent film and an optically anisotropic layer formed from 
discotic liquid crystal molecules) is stretched under the 
conditions controlled to make the optical characters 
(retardations in plane Re and along the thickness direction 
Rth) even in the plane of the sheet. The applicant has 
succeeded in correcting the uneven optical compensatory 
character (viewing angle changing according to the viewing 
position on the displaying screen) of a liquid crystal display. 
This correction can be realized with a large viewing angle 
maintained. 

Further, an optical compensatory sheet comprising the 
above transparent film and a thereon-provided optically 
anisotropic layer in which discotic liquid crystal molecules 
are aligned under the condition that an average inclined 
angle between the discotic plane of the molecule and the 
surface of the transparent film is less than 5' is prepared. The 
applicant has also succeeded in optically compensating 
correctly the whole plane of the liquid crystal cell compris- 
ing essentially vertically aligned rod-like liquid crystal mol- 
ecules. 

An optical compensatory sheet is generally cut (or 
punched out) to use according to the displaying size of the 
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liquid crystal display. Since a conventional compensatory 
sheet has laterally uneven optical compensatory characters, 
liquid crystal displays equipped with pieces of the cut (or 
punched) compensatory sheet have different displaying 
quality. In contrast, liquid crystal displays equipped with 
pieces of the compensatory sheet according to the invention 
have constant displaying quality. 

Further, a polarizing plate as well as a liquid crystal cell 
generally has a viewing angle character. The applicant note 
that the viewing angle character of polarizing plate can be 
optically compensated very effectively by an optical uniaxial 
or biaxial (preferably, biaxial) transparent film having lat- 
erally even optical characters. 

The applicant further has succeeded in reducing troubles 
of light leaks by adjusting the breaking extension along a 
stretching direction of the transparent stretched film within 
the range of 10% to 30% (the second embodiment of the 
invention). A liquid crystal cell comprising essentially ver- 
tically aligned rod-like liquid crystal molecules can be 
optically compensated by using a optical compensatory 
sheet comprising the transparent stretched film (and an 
optical anisotropic layer comprising rod-like liquid crystal 
molecules so aligned that an average inclined angle between 
the long axis of the molecule and the surface of the trans- 
parent stretched film is less than 5°) without causing troubles 
of light leaks. 

The optical compensatory sheet according to the present 
invention is advantageously used for a liquid crystal display 
having a liquid crystal cell comprising essentially vertically 
aligned rod-like liquid crystal molecules (e.g., liquid crystal 
cell of VA, OCB or HAN mode). 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a sketch schematically illustrating fundamental 
constitution of liquid crystal displays of transmission type. 

FIG. 2 is a sketch schematically illustrating fundamental 
constitution of a liquid crystal display of reflection type. 

DETAILED DESCRIPTION OF THE 
INVENTION 
[Liquid Crystal Display] 

A liquid crystal display comprising the optical compen- 
satory sheet according to the invention is described below. 

FIG. 1 is a sketch schematically illustrating fundamental 
constitution of liquid crystal displays of transmission type. 

The display shown in FIG. 1(a) comprises a transparent 
protective film (la), a polarizing membrane (2a), a trans- 
parent film (3a), an optically anisotropic layer (4a), a lower 
substrate of liquid crystal cell (5a), rod-like liquid crystal 
molecules (6), an upper substrate of liquid crystal cell (5b), 
an optically anisotropic layer (4b), a transparent film (3b), a 
polarizing membrane (2b) and a transparent protective film 
(lb), piled up in this order from the side of a back light (BL). 

Each combination of the transparent film and the optically 
anisotropic layer (3a-4a and 4b-3b) constitutes an optical 
compensatory sheet. Each combination of the transparent 
protective film, the polarizing membrane, the transparent 
film and the optically anisotropic layer (la-4a and 4b-lb) 
constitutes an ellipsoidal polarizing plate. 

The display shown in FIG. 1(b) comprises a transparent 
protective film (la), a polarizing membrane (2a), a trans- 
parent film (3a), an optically anisotropic layer (4a), a lower 
substrate of liquid crystal cell (5a), rod-like liquid crystal 
molecules (6), an upper substrate of liquid crystal cell (5b), 
a transparent protective film (lb), a polarizing membrane 
(2b) and a transparent protective film (lc), piled up in this 
order from the side of a back light (BL). 
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A combination of the transparent film and the optically 
anisotropic layer (3a-4a) constitutes an optical compensa- 
tory sheet. A combination of the transparent protective film, 
the polarizing membrane, the transparent film and the opti- 

5 cally anisotropic layer (la-4a) constitutes an ellipsoidal 
polarizing plate. 

The display shown in FIG. 1(c) comprises a transparent 
protective film (la), a polarizing membrane (2a), a trans- 
parent protective film (lb), a lower substrate of liquid crystal 

1Q cell (5a), rod-like liquid crystal molecules (6), an upper 
substrate of liquid crystal cell (5b), an optically anisotropic 
layer (4b), a transparent film (36), a polarizing membrane 
(2b) and a transparent protective film (lc), piled up in this 
order from the side of a back light (BL). 

A combination of the transparent film and the optically 

15 anisotropic layer (4b-3b) constitutes an optical compensa- 
tory sheet. A combination of the transparent protective film, 
the polarizing membrane, the transparent film and the opti- 
cally anisotropic layer (4b- lc) constitutes an ellipsoidal 
polarizing plate. 

20 FIG. 2 is a sketch schematically illustrating fundamental 
constitution of a liquid crystal display of reflection type. 

The display shown in FIG. 2 comprises a lower substrate 
of liquid crystal cell (5a), a reflection plate (RP), rod-like 
liquid crystal molecules (6), an upper substrate of liquid 

25 crystal cell (5b), an optically anisotropic layer (4), a trans- 
parent film (3), a polarizing membrane (2) and a transparent 
protective film (1), piled up in this order. 

A combination of the transparent film and the optically 
anisotropic layer (4-3) constitutes an optical compensatory 

30 sheet. A combination of the transparent protective film, the 
polarizing membrane, the transparent film and the optically 
anisotropic layer (4-1) constitutes an ellipsoidal polarizing 
plate. 

In each display shown in FIG. 1 and FIG. 2, the order of 
35 the optically anisotropic layer (4) and the transparent film 
(3) can be changed. 

A second optically anisotropic layer can be added to the 
optical compensatory sheet or the ellipsoidal polarizing plate 
shown in FIG. 1 and FIG. 2 according to the second 
40 embodiment of the present invention. There is no specific 
limitation with respect to arrangement of the second optical 
anisotropic layer. Accordingly, the second optical anisotro- 
pic layer can be provided at a position of A, B or C in the 
order of (polarizing membrane) ^A^ (transparent film) 
45 -^B^(optically anisotropic layer)— >C^»(liquid crystal 
cell). 

The optically anisotropic layer and the second optically 
anisotropic layer are not essential in the present invention, 
where the transparent film is used as an optical compensa- 
50 tory sheet. However, an optically anisotropic layer is pref- 
erably formed on the transparent film to obtain a large 
viewing angle. 

[Transparent Film (First Embodiment)] 

In the transparent film of the first embodiment, a retar- 
55 dation value in plane (Re) measured at 550 nm fluctuates, in 

any direction parallel to the film surface, within the range of 

±5 nm based on the average Re value in each direction. 

Further, a retardation value along the thickness direction 

(Rth) fluctuates, in any direction parallel to the film surface, 
60 within the range of ±10 nm based on the average Rth value 

in each direction. 

The term "transparent" means that light transmittance is 

not less than 80%r more preferably not less than 90%. 
The retardation value in plane (Re) measured at 550 nm 
65 fluctuates, in any direction parallel to the film surface, within 

the range of ±5 nm (preferably, ±4 nm) based on the average 

Re value in each direction. 
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The retardation value along the thickness direction (Rth) 
measured at 550 nm fluctuates, in any direction parallel to 
the film surface, within the range of ±10 nm (preferably, ±8 
nm) based on the average Rth value in each direction. 

The retardation values in plane (Re) and along the thick- 5 
ness direction (Rth) of the transparent film are defined by the 
following formulas (I) and (II), respectively: 

Re=(nx-ny)y.d (I) 
Rth=[{(wc+ny)/2}-nz]xd (II) 

in which each of nx and ny is a refractive index in the plane 
of the film; nz is a refractive index along the thickness 
direction of the film; and d is the thickness of the film. 

The refractive index nx is that along the slow axis (in the 
direction giving the maximum refractive index) in plane. 
The refractive index ny is that along the fast axis (in the 15 
direction giving the minimum refractive index) in plane. 

For optically compensating an image displayed by a 
liquid crystal display evenly, optical characters (Re and Rth) 
of the transparent film must fluctuate in a small degree in any 
direction parallel to the film surface. In the following 20 
description, the fluctuation in the direction parallel to a 
machine used in forming the film (hereinafter, referred to as 
"longitudinal directions) and the fluctuation in the direction 
perpendicular to the machine (hereinafter, referred to as 
"lateral direction") are explained as representative fluctua- 25 
tions. 

Generally, the longitudinal fluctuation of optical charac- 
ters of the transparent film is relatively small if the film is 
formed without changing the condition concerning time for 
film-forming. In the longitudinal direction of the film, the 30 
optical characters Re and Rth fluctuate usually in the ranges 
of ±5 nm and ±10 nm, respectively, based on the average 
values. 

For this reason, in order to optically compensate a dis- 
played image evenly, it is important that the transparent film 35 
shows small lateral fluctuation. In the following description, 
the lateral fluctuation in the transparent film is explained. 

If the transparent film is optically uniaxial, the film may 
be either optically positive (the refractive index parallel to 
the optical axis is larger than that perpendicular to the optical 40 
axis) or optically negative (the refractive index perpendicu- 
lar to the optical axis is larger than that parallel to the optical 
axis). In the case that the film is optically biaxial, the values 
of nx, ny and nz in the above formula are different from each 
other. 45 

In the uniaxial or biaxial transport film, a retardation value 
in plane (Re) is preferably in the range of 10 to 1,000 nm, 
more perferably in the range of 20 to 200 nm, and most 
preferably in the range of 20 to 200 nm. A retardation value 
along the thickness direction (Rth) is preferably in the range 50 
of 10 to 1,000 nm, more preferably in the range of 70 to 500 
nm, further preferably in the range of 100 to 300 nm. 

In the case where the transparent film is a stretched film, 
the angle between the slow axis and the stretching axis in 
plane (axial difference) is preferably not larger than 5°, more 55 
preferably not larger than 4°, further preferably not larger 
than 3°. 

The axial difference is preferably in the above range at 
any lateral position of the film. 

The term 'stretching axis" means the direction in which 60 
the transparent film is stretched. In the case where the film 
is multi-axially stretched, the term means the direction in 
which the film is stretched by the largest times. The angle 
between the slow axis and the stretching axis is determined 
so that it may be an acute angle, and whether the angle is 65 
positive or negative is determined based on the stretching 



As the transparent film, a polymer film is generally used. 
Examples of the polymer for the film include synthetic 
polymers and cellulose derivatives. 

Examples of the synthetic polymers include 
polycarbonate, polysulfone, polyethersulfone, polyacrylate, 
polymethacrylate and norbornene resin. 

As the cellulose derivative, cellulose esters are preferred. 
Cellulose acylate is more preferred, and cellulose acetate is 
further preferred. 

The acetic substitution degree of cellulose acetate is 
preferably in the range of 2.4 to 3.0, more preferably in the 
range of 2.5 to 2.9. 

According to European Patent No. 3,911,656 A2, a opti- 
cally anisotropic cellulose ester film (giving high 
retardation) can be prepared (1) with a retardation increasing 
agent, (2) from a cellulose ester having a low acetic Sub- 
stitution degree or (3) according to the cooling dissolution 
method. 

A polymer film of cellulose derivative is preferably used 
as the transparent film. 

A polymer film used as the transparent film is formed 
preferably according to the solvent film-forming method 
(preferably, the solvent casting method). 

In the solvent casting method, a polymer solution (dope) 
in which polymer is dissolved in an organic solvent is used. 

The polymer solution may be singly cast on a smooth 
support (drum or band) to form a single layered film, or 
otherwise two or more solutions may be used to form a 
multi-layered film. 

In the case where two or more polymer solutions are used, 
the solutions may be cast from nozzles provided at intervals 
in the transferring direction of the support to form a layered 
film. This method is described in, for example, Japanese 
Patent Provisional Publication NOS. 61(1986)-158414, 
1(1989)-122419 and 11(1999)-198285. 

The solutions may be simultaneously cast from two 
nozzles to form a layered film. This method is described in, 
for example, Japanese Patent Publication No. 60(1985)- 
27562, Japanese Patent Provisional Publication Nos. 
61(1986)-94724, 61(1986)-947245, 61(1986)-104813, 
61(1986)-158413 and 6(1994)-134933. 

The method described in Japanese Patent Provisional 
Publication No. 56(1981)-162617 can be also adopted. In 
that method, a highly viscous polymer solution is enclosed 
with a low viscous one, and then the thus-combined solu- 
tions are simultaneously extruded and cast. 

Further, the method described in, for example, Japanese 
Patent Publication No. 44(1969)-20235 may be adopted. In 
the method, a film is beforehand formed from a solution 
extruded out of one of two nozzles. After the formed film is 
peeled and reversaly placed on the support, another solution 
is extruded from the other nozzle to cast onto the film (on the 
surface having faced to the support) to form a layered film. 

The polymer solutions may be the same or different from 
each other. For making two or more functional polymer 
layers, each polymer solution according to the aimed func- 
tion is extruded from each nozzle. 

In order to obtain desired optical characters and mechani- 
cal characters, the transparent film preferably has a layered 
structure. The layered structure consists of preferably 2 to 10 
layers, more preferably 2 to 6 layers, further preferably 2 to 
4 layers. 

The polymer solution can be cast simultaneously with 
dopes for other functional layers (e.g., adhesive layer, dye 
layer, antistatic layer, anti-halation layer, ultraviolet layer, 
polarizing layer). 

A matting layer containing a matting agent and a polymer 
may be provided on one or each of the surfaces of the 
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transparent film, so as to improve treatability in the produc- 
tion process. AS the matting agent and the polymers, mate- 
rials described in Japanese Patent Provisional Publication 
No. 10(1998)-44327 can be preferably used. 

The uniaxial or biaxial optical characteristic is preferably 5 
given to the transparent film by stretching. 

The optically uniaxial film can be obtained by a normal 
uniaxial or biaxial stretching. 

The optically biaxial film is preferably produced by 
unbalance biaxial stretching. The procedure of unbalance lQ 
biaxial stretching comprises the steps of: stretching a film 
along one direction to expand by a certain extent, and then 
stretching the film vertically to the direction of the first 
stretching to expand by a more extent than that in the first 
stretching. In the procedure, the film may be stretched along 
the two vertical directions at the same time. 15 

The retardation values (Re and Rth) of the transparent 
film and the fluctuation thereof are preferably controlled by 
the below-described stretching process. The retardation val- 
ues can be also controlled by adding known retardation 
increasing agents into the film. 20 

Concrete examples of the retardation increasing agent are 
described in Japanese Patent Provisional Publication Nos. 
2000-111914, 2000-275434 and International Patent Appli- 
cation No. WO00/65385. 

(1) Stretching the transparent film containing a solvent; 25 
After a polymer film used as the transparent film is formed 

by the solvent film-forming method, the film is preferably 
stretched with the solvent remaining (insufficiently dried). 
The amount of the remaining solvent is preferably in the 
range of 5 to 50 wt. %, more preferably in the range of 10 30 
to 46 wt. %, further preferably in the range of 15 to 40 wt. 
% based on the weight of the transparent film. 

(2) Stretching in a low expanding ratio and in a low speed: 
The expanding ratio of stretching is preferably in the 

range of 1.05 to 1.60, more preferably in the range of 1.10 35 
to 1.50, further preferably in the range of 1.10 to 1.40. 

This expanding ratio is very low in comparison with a 
conventional synthetic polymer film used as an optical 
compensatory sheet of liquid crystal display. The conven- 
tional film is generally stretched by 3 times or more. 40 

The stretching speed is preferably in the range of 5 to 
100%/minute, more preferably in the range of 10 to 80%/ 
minute, further preferably in the range of 15 to 70%/minute. 

This stretching speed is very slow in comparison with the 
conventional synthetic polymer film, which is generally 45 
stretched in 500%/minute or more. 

(3) Stretching the transparent film having controlled ther- 
mal distribution on the plane: 

In stretching the transparent film, the temperature at each 
side edge of the film is controlled to be lower than that at the 50 
central part by 1 to 10° C, preferably by 1 to 86C. That 
thermal distribution can be realized by cooling the side 
edges or by heating the central part in the known manner. 
For example, the side edges can be cooled by blowing cold 
air or cold inert gas or by contacting with a cooled roll. 55 
Further, the central part can be heated by blowing hot air or 
hot inert gas, by an infrared heater or a ceramic heater or by 
contacting with a hot roll. Before stretching, the transparent 
film may be contacted with a roll, a drum or a band heated 
by a heater having lateral thermal distribution, so that the 60 
lateral thermal distribution of the film may be simulta- 
neously controlled. It is more preferred that the heating or 
cooling be controlled according to the thermal distribution 
measured in stretching the film. 

After stretching, the transparent film is dried until the 65 
amount of the remaining solvent reaches 3 wt. % or less, 
preferably 2 wt. % or less. 
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The thus-obtained transparent film has a thickness pref- 
erably in the range of 80 to 160 jum, more preferably in the 
range of 90 to 150 /mi, further preferably in the range of 100 
to 140 jum. 

The transparent film can be subjected to a surface treat- 
ment (e.g., glow discharge treatment, corona discharge 
treatment, ultraviolet (UV) treatment, flame treatment) to 
improve adhesion to a layer formed on the film (e.g., 
adhesive layer, orientation layer, optically anisotropic layer). 
The film may contain UV absorber. 

An adhesive layer (undercoating layer) can be provided 
on the transparent film. Japanese Patent Provisional Publi- 
cation No. 7(1995)-333433 describes the adhesive layer. The 
adhesive layer has a thickness preferably in the range of 0.1 
to 2 Mm, more preferably 0.2 to 1 jum. 

The thus-formed transparent film can be directly used as 
an optical compensatory sheet for optically compensating 
the liquid crystal cell. Otherwise, after an optically aniso- 
tropic layer (formed from liquid crystal molecules) is pro- 
vided on one surface of the film, the film can be used as the 
optical compensatory. 

The thus-obtained transparent film has even optical char- 
acters in plane. Accordingly, if the film is cut into pieces, 
each piece has the same optical characters. When the pieces 
are installed in liquid crystal displays, the displays show the 
same displaying performance (e.g., viewing angle). 

With respect to the fluctuation of lateral optical characters 
(Re and Rth) based on the average values, the transparent 
film can be evaluated in the following manner. 

First, the retardation values in plane (Re) of the film are 
measured laterally at intervals of 30 mm, and then the 
average Re value is calculated from the measured values. 
The difference between each measured Re value and the 
average Re value is calculated to obtain the fluctuation of 
Re, which is in the range of ±5 nm in the transparent film 
according to the invention. 

Next, the retardation values along the thickness direction 
(Rth) of the film are measured laterally at intervals of 30 
mm, and then the average Rth value is calculated from the 
measured values. The difference between each measured Rth 
value and the average Rth value is calculated to obtain the 
fluctuation of Rth, which is in the range of ±10 nm in the 
transparent film according to the invention. 

The above intervals among the measured positions may 
be changed. In the transparent film according to the 
invention, the fluctuation of Re in any direction parallel to 
the transparent film surface is within the range of ±5 nm 
based on the average Re value in each direction. Also in the 
film according to the invention, the fluctuation of Rth in any 
direction parallel to the transparent film surface is within the 
range of ±10 nm based on the average Rth value in each 
direction. 

It is possible to evenly compensate the whole plane of 
liquid crystal display by means of at least one transparent 
film having the above controlled optical characters (Re and 
Rth). On the transparent film, another optically anisotropic 
(optically uniaxial or biaxial) film can be laminated to use. 
In that case, it is also preferred that, in the laminated 
anisotropic film, the fluctuation of Re in any direction 
parallel to the film surface be within the range of ±5 nm 
based on the average Re value in each direction, and that the 
fluctuation of Rth in any direction parallel to the film surface 
be within the range of ±10 nm based on the average Rth 
value in each direction. 

The optically uniaxial or biaxial transparent film and an 
optically isotropic film (e.g., cellulose acetate film) may be 
laminated. Further in that case, it is also preferred that, in the 
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optically isotropic film, the fluctuation of Re measured at 
550 nm in any direction parallel to the film surface be within 
the range of ±5 nm based on the average Re value in each 
direction, and that the fluctuation of Rth in any direction 
parallel to the film surface be within the range of ±10 nm 5 
based on the average Rth value in each direction. 

The transparent film of the first embodiment has a thick- 
ness preferably in the range of 10 to 500 jum, and more 
preferably in the range of 50 to 200 jum. 

[Transparent Film (Second Embodiment)] 10 

The transparent film of the second embodiment is an 
optically uniaxial or optically biaxial transparent stretched 
film having a breaking extension along a stretching direction 
within the range of 10% to 30%. The breaking extension can 
be adjusted by controlling the stretching conditions 15 
(described below). 

The transparent film preferably is a polymer film. Where 
the breaking extension is adjusted within the range of 10% 
to 30%, alignment of the polymer in plane of the film is 
oriented to reduce a thermal coefficient of expansion. The 20 
thermal coefficient can be reduced not only along the stretch- 
ing direction but also along any other directions. 

In the case that the optical compensatory sheet is used in 
a liquid crystal display, the optical compensatory sheet is 
fixed on a liquid crystal cell, a polarizing plate or a polar- 25 
izing membrane (as a protective film of the membrane) with 
an adhesive. A transparent film of the optical compensatory 
sheet may expand or shrink according to the conditions 
(temperature, humidity) in use of the liquid crystal display. 
The expansion or shrinkage is controlled to form internal 30 
stress because the optical compensatory sheet is fixed in the 
display. The internal stress is large at the end of the image. 
The film would move to ease the stress. The moving distance 
of the film at the end of the image should be larger than the 
distance at the center of image. 35 

The internal stress shows a photoelastic effect, which 
changes optical characteristics along the end of the image 
like frame, which further causes a trouble of light leak like 
frame. The troubles can be reduced by controlling expansion 
or shrinkage of the film. The expansion or shrinkage can be 40 
controlled by adjusting a breaking extension along a stretch- 
ing direction within the range of 10% to 30% according to 
the second embodiment of the present invention. 

The applicant has found that dusts or other contaminants 
attached to the optically compensatory sheet cause the light 45 
leaks like spots. The applicant has further found that most of 
the dusts are broken pieces of the transparent film of the 
optically compensatory sheet, which are formed while cut- 
ting the film. The optical compensatory sheet is cut (or 
punched out) according to the displaying size of the liquid 50 
crystal display. The broken pieces can be reduced by align- 
ing the polymer in plane of the film to reduce the light leaks 
like spots. The polymer can be aligned by adjusting the 
breaking extension within the range of 10% to 30% accord- 
ing to the second embodiment of the present invention. 55 

The transparent stretched film preferably has a heat 
shrinkage starting temperature in the range of 130° C. to 
190° C. 

The film is optically uniaxial or optically biaxial. 

If the transparent film is optically uniaxial, the film may 60 
be either optically positive (the refractive index parallel to 
the optical axis is larger than that perpendicular to the optical 
axis) or optically negative (the refractive index perpendicu- 
lar to the optical axis is larger than that parallel to the optical 
axis). In the case that the film is optically biaxial, the values 65 
of nx, ny and nz in the above formula are different from each 
other (nx^ny^nz). 
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The optically anisotropic transparent film has a Re retar- 
dation value in plane preferably in the range of 10 to 1,000 
nm, more preferably in the range of 15 to 300 nm, and most 
preferably in the range of 20 to 200 nm. The optically 
anisotropic transparent film has a Rth retardation value 
along the thickness direction preferably in the range of 10 to 
1,000 nm, more preferably in the range of 15 to 300 nm, 
further preferably in the range of 20 to 200 nm. 

The Re retardation value in plane and the Rth retardation 
value along the thickness direction are defined by the 
following formulas (I) and (II), respectively: 

Re=(nx-ny)xd (I) 
Rth=[{(nx+ny)/2}-nz]xd (II) 

in which each of nx and ny is a refractive index in the plane 
of the film; nz is a refractive index along the thickness 
direction of the film; and d is the thickness of the film. 

The angle between the slow axis and the stretching 
direction is preferably not larger than 5°, more preferably 
not larger than 4°, and most preferably not larger than 3°. 
The axial difference is preferably in the above range at any 
lateral position of the film. 

The term "stretching direction" means the direction in 
which the transparent film is stretched. In the case where the 
film is multi-axially stretched, the term means the direction 
in which the film is stretched by the largest times. 

The transparent film preferably is a thermoplastic polymer 
film. The term "transparent" means that light transmittance 
is not less than 80%, and more preferably not less than 90%. 

Examples of the polymers include cellulose derivatives 
and synthetic polymers. The cellulose derivatives are pre- 
ferred to the synthetic polymers. The cellulose derivative 
preferably is a cellulose acylate, most preferably is cellulose 
acetate. The substitution degree of cellulose acetate prefer- 
ably is in the range of 2.4 to 3.0, and more preferably is in 
the range of 2.5 to 2.9. Examples of the synthetic polymers 
include polyacrylate, polymethacrylate and norbornene 
resin. An optically anisotropic polymer film has usually 
made of the synthetic polymer film. However, the optically 
anisotropic polymer film can also be made of a cellulose 
ester film by (1) using a retardation increasing agent 
described in European Patent No. 09 11 656 A2, (2) decreas- 
ing the acetic acid content of cellulose acetate or (3) prepa- 
ration of film according to a cooling dissolution method. 

A polymer film used as the transparent film is formed 
preferably according to a solvent casting method. In the 
solvent casting method, a polymer solution (dope) in which 
polymer is dissolved in an organic solvent is used. The 
polymer solution may be singly cast on a smooth support 
(drum or band) to form a single layered film, or otherwise 
two or more solutions may be used to form a multi-layered 
film. 

In the case where two or more polymer solutions are used, 
the solutions may be cast from nozzles provided at intervals 
in the transferring direction of the support to form a layered 
film. This method is described in, for example, Japanese 
Patent Provisional Publication Nos. 61(1986)-158414, 
1(1989)-122419 and 11(1999)-198285. 

The solutions may be simultaneously cast from two 
nozzles to form a layered film. This method is described in, 
for example, Japanese Patent Publication No. 60(1985)- 
27562, Japanese Patent Provisional Publication Nos. 
61(1986)-94724, 61(1986)-947245, 61(1986)-104813, 
61(1986)-158413 and 6(1994)-134933. The method 
described in Japanese Patent Provisional Publication No. 
56(1981)-162617 can be also adopted. In that method, a 
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highly viscous polymer solution is enclosed with a low 
viscous one, and then the thus-combined solutions are 
simultaneously extruded and cast. 

Further, the method described in, for example, Japanese 
Patent Publication No. 44(1969)-20235 may be adopted. In 
the method, a film is beforehand formed from a solution 
extruded out of one of two nozzles. After the formed film is 
peeled and reversaly placed on the support, another solution 
is extruded from the other nozzle to cast onto the film (on the 
surface having faced to the support) to form a layered film. 
The polymer solutions may be the same or different from 
each other. For making two or more functional polymer 
layers, each polymer solution according to the aimed func- 
tion is extruded from each nozzle. 

In order to obtain desired optical characters and mechani- 
cal characters, the transparent film preferably has a layered 
structure. The layered structure consists of preferably 2 to 10 
layers, more preferably 2 to 6 layers, further preferably 2 to 

4 layers. 

The polymer solution can be cast simultaneously with 
dopes for other functional layers (e.g., adhesive layer, dye 
layer, antistatic layer, anti-halation layer, ultraviolet layer, 
polarizing layer). 

A matting layer containing a matting agent and a polymer 
may be provided on one or each of the surfaces of the 
transparent film to improve handling of the firm in the 
production process. The matting agent and the polymers are 
described in Japanese Patent Provisional Publication No. 
10(1998)-44327. 

The uniaxial or biaxial optical characteristic is preferably 
given to the transparent film by a stretching process. 

The optically uniaxial film can be obtained by a normal 
uniaxial or biaxial stretching process. 

The optically biaxial film is preferably produced by an 
unbalance biaxial stretching process. The procedure of 
unbalance biaxial stretching comprises the steps of: stretch- 
ing a film along one direction to expand by a certain extent, 
and then stretching the film vertically to the direction of the 
first stretching to expand by a more extent than that in the 
first stretching. In the procedure, the film may be stretched 
along the two vertical directions at the same time. 

The transparent film is preferably stretched under the 
following conditions. 

(1) Stretching the transparent film containing a large 
amount of a solvent: 

After a polymer film used as the transparent film is formed 
by the solvent film-forming method, the film is preferably 
stretched with the solvent remaining (insufficiently dried). 
The amount of the remaining solvent is preferably in the 
range of 5 to 50 wt. %, more preferably in the range of 10 
to 46 wt. %, further preferably in the range of 15 to 40 wt. 
% based on the weight of the transparent film. 

(2) Preheat before stretching; 

Before the stretching process, the film is preferably 
heated. The heating temperature is preferably in the range of 
60 to 160° C, more preferably in the range of 70 to 150° C, 
and most preferably in the range of 80 to 140° C. The 
heating time is preferably in the range of 10 seconds to 8 
minutes, and more preferably in the range of 15 seconds to 

5 minutes. The film is preferably heated while fixing the both 
ends of the film. After the heating process, the stretching 
process (described below) is preferably conduced on a 
processing line continuously. 

(3) Stretching in a low expanding ratio and in a low speed: 
The expanding ratio of stretching is preferably in the 

range of 1.10 to 1.60, more preferably in the range of 1.10 
to 1.50, and most preferably in the range of 1.10 to 1.40. 
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This expanding ratio is very low in comparison with a 
conventional synthetic polymer film used as an optical 
compensatory sheet of liquid crystal display. The conven- 
tional film is generally stretched by 3 times or more. 
5 The stretching speed is preferably in the range of S to 
100%/minute, more preferably in the range of 10 to 80%/ 
minute, and most preferably in the range of 15 to 70%/ 
minute. 

This stretching speed is very slow in comparison with the 
10 conventional synthetic polymer film, which is generally 
stretched in 500%/minute or more. 

A stretched polymer film has usually been thermally fixed 
at a temperature of higher than 200° C. according to a 
conventional stretching process. However, the film is pref- 
15 erably not thermally fixed according to the second embodi- 
ment of the present invention. 

After stretching, the transparent film is dried until the 
amount of the remaining solvent reaches 3 wt. % or less, 
preferably 2 wt. % or less. 
20 The transparent film has a thickness preferably in the 
range of 80 to 160 jum, more preferably in the range of 90 
to 150 jum, and most preferably in the range of 100 to 140 
/mi. 

The transparent film itself can be used as an optical 
25 compensatory sheet. Further, an optically anisotropic layer 
(of the second embodiment described below) can be formed 
on the transparent film to be used as the optical compensa- 
tory sheet. 

The optically uniaxial or optically biaxial transparent film 

30 can be laminated with an optically isotropic transparent film 
(such as a cellulose acetate film). The optically isotropic film 
has a thickness preferably in the range of 10 to 500 jum, and 
more preferably in the range of 50 to 200 jum. 

The transparent film can be subjected to a surface treat - 

35 ment (e.g., glow discharge treatment, corona discharge 
treatment, ultraviolet (UV) treatment, flame treatment) to 
improve adhesion to a layer formed on the film (e.g., 
adhesive layer, orientation layer, optically anisotropic layer). 
The film may contain UV absorber. 

40 An adhesive layer (undercoating layer) can be provided 
on the transparent film. Japanese Patent Provisional Publi- 
cation No. 7(1995)-333433 describes the adhesive layer. The 
adhesive layer has a thickness preferably in the range of 0.1 
to 2 jum, and more preferably in the range of 0.2 to 1 jum. 

45 [Orientation Layer] 

An orientation layer can be provided between the trans- 
parent film and the optically anisotropic layer. 

The orientation layer can be formed by rubbing treatment 
of an organic compound (preferably a polymer), oblique 

50 evaporation of an inorganic compound, formation of a micro 
groove layer, or stimulation of an organic compound (e.g., 
co-tricosanoic acid, dioctadecylmethylammonium chloride, 
methyl stearate) according to a Langmuir-Blodgett method. 
Further, the aligning function of the orientation layer can be 

55 activated by applying an electric or magnetic field to the 
layer or irradiating the layer with light. The orientation layer 
is preferably formed by rubbing a polymer. The rubbing 
treatment can be conducted by rubbing a polymer layer with 
paper or cloth several times along a certain direction. 

60 For aligning the liquid crystal molecules in an average 
inclined angle of not more than 5°, a polymer which does not 
lower the surface energy of the orientation layer (namely, a 
polymer usually used for the orientation layer) is preferred. 
The orientation layer preferably has a thickness of 0.01 to 

65 5 jum, and more preferably 0.05 to 1 jum. 

After the liquid crystal molecules are aligned by the 
orientation layer to form an optically anisotropic layer, the 
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optically anisotropic layer can be transferred to the trans- 
parent support. The aligned and fixed liquid crystal mol- 
ecules can keep the alignment without the orientation layer. 

In some cases, alignment in an average inclined angle of 
less than 5° can be obtained without rubbing treatment nor 5 
the orientation layer. However, even in that case, an orien- 
tation layer which chemically combines with the liquid 
crystal molecules on the interface can be provided so as to 
improve adhesion between the molecules and the support 
(Japanese Patent Provisional Publication No. 9(1997)- 10 
152509). Such orientation layer does not need the rubbing 
treatment. 

In the case that two or more optically anisotropic layers 
are formed on the same side of the transparent film, an 
optically anisotropic layer first formed on a transparent 15 
support can function as an orientation layer of a second 
formed optically anisotropic layer. 
[Optically Anisotropic Layer (First Embodiment)] 

The optically anisotropic layer of the first embodiment is 
formed from discotic liquid crystal molecules. The discotic 20 
liquid crystal molecules are aligned under the condition that 
an average inclined angle between the discotic plane of the 
molecule and the surface of the transparent film is less than 
5°. 

The above -described optically uniaxial or biaxial trans- 25 
parent film and the discotic liquid crystal molecules aligned 
in an average inclined angle of less than 5° cooperatively 
control the total retardation of the optical compensatory 
sheet. 

With respect to the total retardation of the optical com- 30 
pensatory sheet, a retardation value in plane (Re) is prefer- 
ably in the range of 20 to 200 nm, more preferably in the 
range of 20 to 100 nm, and most preferably in the range of 
20 to 70 nm. A retardation value along the thickness direc- 
tion (Rth) of the optical compensatory sheet is preferably in 35 
the range of 70 to 500 nm, more preferably in the range of 
70 to 300 nm, and most preferably in the range of 70 to 200 
nm. 

The Re and Rth retardation values of the optical compen- 
satory sheet are defined by the following formulas: 40 

Re=(nx-ny)xd 

Rth=[ { {nx+ny)l2}-nz\xd 

in which each of nx and ny is a refractive index in the plane 45 
of the optical compensatory sheet; nz is a refractive index 
along the thickness direction of the optical compensatory 
sheet; and d is the thickness of the optical compensatory 
sheet. 

The discotic liquid crystal molecules are preferably fixed 50 
with their alignment maintained. The alignment can be fixed 
by a binder polymer, but is preferably fixed by polymeriza- 
tion. 

The discotic liquid crystal molecules are described in 
various documents (C. Destrade et al, Mol. Crysr. Liq. 55 
Cryst., vol. 71, page 111 (1981); Japan Chemical Society, 
Quarterly chemical Review (written in Japanese), chapter 5 
and chapter 10, section 2 (1994); B. Kohne et al., Angew. 
Chem. Soc. Chem. Comm., page 1794 (1985); and J. Zhang 
at al., J. Am. Chem. Soc, vol. 116, page 2655 (1994)). The 60 
polymerization reaction of the discotic liquid crystal mol- 
ecules is described in Japanese Patent Provisional Publica- 
tion No. 8(1996)-27284. 

Apolymerizable group should be bound to a discotic core 
of the discotic liquid crystal molecule to cause the polymer- 65 
ization reaction of the compound. However, if the polymer- 
izable group is directly bound to the discotic core, it is 



difficult to keep the alignment at the polymerization reac- 
tion. Therefore, a linking group is introduced between the 
discotic core and the polymerizable group. Accordingly, the 
discotic liquid crystal molecule having a polymerizable 
group (polymerizable discotic liquid crystal molecule) pref- 
erably is a compound represented by the following formula 
(I): 



D(— L-0)„ 



(I) 



in which D is a discotic core; L is a divalent linking group; 
Q is a polymerizable group; and n is an integer of 4 to 12. 

Examples of the discotic cores (D) are shown below. In 
the examples, LQ (or QL) means the combination of the 
divalent linking group (L) and the polymerizable group (Q). 

(Dl) 




(D2) 



QL 
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N NT- 
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can have a substituent group (such as an alkyl group, a 
(D13) halogen atom, cyano, an alkoxy group, an acyloxy group). 

Examples of the divalent linking groups (L) are shown 
below. In the examples, the left side is attached to the 
5 disco tic core (D), and the right side is attached to the 
polymerizable group (Q). The AL means an alkylene group 
or an alkenylene group. The AR means an arylene group. 



10 



15 



(D14) 
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LI: — AL— CO— O— AL— 
L2: — AL— CO— O— AL— O— 
L3: — AL— CO— O— AL— O— AL— 
L4: — AL— CO— O— AL— O— CO— 

L6: — CO— AR— O— AL— O— 
L7: —CO — AR — C— AL— C — CO- 
LS: — CO— NH— AL— 
L9: — NH— AL— O— 
L10: — NH— AL— C— CO— 
Lll: — O— AL— 
L12: — O— AL— O— 
L13: — O— AL— O— CO— 
L14: — O— AL— O— CO— NH— AL— 
L15: — O— AL— S— AL— 

LI 6: — O— CO— AL— AR— O— AL— O— CO— 

L17: — O— CO— AR— O— AL— CO— 

L18— CO— AR— O— AL— o— CO— 

LI 9: — C— CO— AR— O— AL— O— AL— O— CO— 

L20: — O— CO— AR— O— AL— O— AL— O— AL- 



L21: — S— AL— 
35 I 72: — S— AL— O— 
(D15) L23: — S— AL— C— CO— 

L24: — S— AI — S— AI — 
L25: — S— AR— AL— 
40 The polymerizable group (Q) in the formula (I) is deter- 
mined according to the polymerization reaction. Examples 
of the polymerizable groups (Q) are shown below. 
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In the formula, the divalent linking group (L) preferably 
is selected from the group consisting of an alkylene group, 
an alkenylene group, an arylene group, — CO — , — NH — , 
— O — , — S — and combinations thereof. The divalent link- 
ing group (L) more preferably is a divalent linking group 
comprising at least two divalent groups selected from the 
group consisting of an alkylene group, an alkenylene group, 
an arylene group, — CO — , — NH — , — O — and — S — . The 
divalent linking group (L) further preferably is a divalent 
linking group comprising at least two divalent groups 
selected from the group consisting of an alkylene group, an 
alkenylene group, an arylene group, — CO — and — O — . 
The alkylene group preferably has 1 to 12 carbon atoms. The 
alkenylene group preferably has 2 to 12 carbon atoms. The 
arylene group preferably has 6 to 10 carbon atoms. The 
alkylene group, the alkenylene group and the arylene group 
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60 



65 
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-CHO 

-OH 

-C0 2 H 

-N=C= 

"NH 2 

-S0 3 H 



(Qii) 

(Q12) 
(Q13) 5 
(Q14) 
(Q15) 
(Q16) 10 
(Q17) 



The polymerizable group (Q) preferably is an unsaturated 
polymerizable group (Ql to Q7), an epoxy group (Q8) or an 
aziridinyl group (Q9), more preferably is an unsaturated 
polymerizable group, and most preferably is an ethylenically 
unsaturated group (Ql to Q6). 

In the formula (I), n is an integer of 4 to 12, which is 
determined according to the chemical structure of the dis- 
cotic core (D). The 4 to 12 combinations of L and Q can be 
different from each other. However, the combinations are 
preferably identical. 

Two or more kinds of the discotic liquid crystal molecules 
can be used in combination. For example, the molecules 
having a polymerizable group (Q) can be used in combina- 
tion with those having no polymerizable group. 

The discotic liquid crystal molecule having no polymer- 
izable group (non-polymerizable discotic liquid crystal 
molecule) is preferably a molecule in which hydrogen atom 
or an alkyl group is introduced into the above-described 
polymerizable discotic liquid crystal molecule in place of 
the polymerizable group. Namely, the non-polymerizable 
discotic liquid crystal molecule is preferably represented by 
the following formula (la): 



D(- 



-R)„ 
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25 
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35 



less carbon atoms. The number of carbon atoms is preferably 
2 to 5, more preferably 2 to 4. The lower fatty acid may have 
a substituent group (e.g., hydroxyl). Two or more fatty acids 
may react with cellulose to form a ester. Examples of the 
cellulose esters of lower fatty acids include cellulose acetate, 
cellulose propionate, cellulose butyrate, cellulose 
hydroxypropionate, cellulose acetate propionate and cellu- 
lose acetate butyrate. Cellulose acetate butyrate is particu- 
larly preferred. The buty ration degree of cellulose acetate 
butyrate is preferably 30% or more, more preferably in the 
range of 30 to 80%. The acetic substitution degree of 
cellulose acetate butyrate is preferably 30% or less, more 
preferably in the range of 1 to 30%. 

The cellulose ester of lower fatty acid is used in an 
amount of preferably 0.01 to 1 wt. %, more preferably 0.1 
to 1 wt. %, most preferably 0.3 to 0.9 wt. % based on the 
amount of discotic liquid crystal molecules. 

The cellulose ester of lower fatty acid is applied in an 
amount of preferably 1 to 500 mg/m 2 , more preferably 3 to 
300 mg/m 2 , most preferably 5 to 200 mg/m 2 . 

A fluorine -containing surface active agent comprises a 
fluorine-containing hydrophobic group, a nonionic, anionic, 
cationic or amphoteric hydrophilic group, and an optional 
linking group. 

A fluorine -containing surface active agent comprising one 
hydrophobic group and one hydrophilic group is represented 
by the following formula (II): 



(la) 



in which D is a discotic core; L is a divalent linking group; 
R is hydrogen atom or an alkyl group; and n is an integer of 
4 to 12. 

Examples of the discotic cores (D) in the formula (la) are 
the same as those in the above -described polymerizable 
discotic liquid crystal molecule except that LQ (or QL) is 
replaced with LR (or BL). 

Examples of the divalent linking groups (L) in the for- 
mula (la) are also the same as those in the above -described 
polymerizable discotic liquid crystal molecule. 

The alkyl group R has preferably 1 to 40 carbon atoms, 
more preferably 1 to 30 carbon atoms. A chain alkyl group 
is preferred to a cyclic one, and further a straight chain alkyl 
group is preferred to a branched one. The R in the formula 
(la) is particularly preferably hydrogen atom or a straight 
chain alkyl group having 1 to 30 carbon atoms. 

In order to align the discotic liquid crystal molecules so 
that an average angle between the discotic plane of each 
molecule and the surface of the transparent support (namely, 
an average inclined angle) may be less than 5., it is preferred 
to use, in an amount of a certain range, a compound which 
can cause phase separation with the discotic liquid crystal 
molecules. Examples of the compound which can cause 
phase separation with the discotic liquid crystal molecules 
include cellulose esters of lower fatty acids, fluorine- 
containing surface active agents and compounds having 
1,3,5-triazine ring. 

Here, the term "lower fatty acid" in the above "cellulose 
esters of lower fatty acids" means a fatty acid having 6 or 



Rf — L 3 — Hy 



(II) 



45 



50 



in which Rf is a monovalent hydrocarbon residue substituted 
with fluorine atom, L 3 is a single bond or a divalent linking 
group, and Hy is a hydrophilic group. 

In the formula (II), Rf serves as a hydrophobic group. The 
hydrocarbon residue is preferably an alkyl group or an aryl 
group. The alkyl group preferably has 3 to 30 carbon atoms, 
and the aryl group preferably has 6 to 30 carbon atoms. 

The hydrogen atoms of the hydrocarbon residue are 
partially or fully substituted with fluorine atoms. The ratio of 
hydrogen atoms substituted with fluorine atoms is preferably 
in the range of not less than 50%, more preferably in the 
range of not less than 60%, further preferably in the range 
of not less than 70%, and most preferably in the range of not 
less than 80%. 

The remaining hydrogen atoms (not substituted with 
fluorine atoms) may be further substituted with other halo- 
gen atoms (e.g., chlorine, bromine). 

Examples of Rf are shown below. 

Rfl: n _c 8 H 17 — 



Rf2: n- 



6^13 
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Rf3: CI — (CF 2 — CFC1) 3 — CF 2 — 
Rf4: H— (CF 2 ) 8 — 
Rf5: H— (CF 2 ) 10 — 
Rf6: n — C 9 H 19 — 
Rf7: pentafluorophenyl 
Rf8: n — C 7 H 15 — 
Rf9: CI — (CF 2 — CFC1) 2 — CF 2 — 
RflO: H — (CF 2 ) 4 — 
Rfll: H — (CF 2 ) 6 — 
Rfl2: CI— (CF 2 ) 6 — 
Rfl3: C 3 F 7 — 

In the formula (II), the divalent linking group is preferably 
a divalent linking group selected from the group consisting 
of an alkylene group, an arylene group, a divalent hetero- 
cyclic residue, — CO — , — NR — (in which R is an alkyl 
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, — o — , — so 2 



and a 



group having 1 to 5 or hydrogen), 
combination thereof. 

Examples of L 3 are shown below. In the examples, the left 
side is attached to the hydrophobic group (Rf), and the right 
side is attached to the hydrophilic group (Hy). The AL 
means an alkylene group, the AR means an arylene group, 
and the He means a divalent heterocyclic residue. The 
alkylene group, the arylene group and the divalent hetero- 
cyclic residue may have substituent groups (e.g., alkyl 
group). 

L0: single bond 

L31: — S0 2 — NR — 

L32: — AL— O— 

L33: — CO— NR— 

134: — AR— O— 

L35: — SO^ — NR — AL — CO — O — 



10 



15 



L36: 

L37: — SO.— NR— AI O 



L38: — S0 2 — NR- 
L39: — CO— NR— AL— 
L40: — AL 1 — O— AL 2 — 
L41: — He— AL— 
L42: S0 2 — NR — AL 1 — O — AL 2 — 
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L43: — AR— 

L44: — ( ) — A R — S ( ) 2 — N R — A I . 
L45: — O— AR— S0 2 — NR— 
L46: — O— AR— O— 

In the formula (II), Hy is a nonionic hydrophilic group, an 
anionic hydrophilic group, a cationic hydrophilic group or a 
combination thereof (namely, amphoteric hydrophilic 
group). A nonionic hydrophilic group is particularly pre- 
ferred. 

Examples of Hy in the formula (II) are shown below. 
Hyl: — (CH 2 CH 2 0) n — H 

(n is an integer of 5 to 30) 
Hy2: — (CH 2 CH 2 0)„ — R 1 

(n is an integer of 5 to 30, and 

R 1 is an alkyl group having 1 to 6 carbon atom) 
Hy3: — (CH 2 CHOHCH 2 )„— H 

(n is an integer of 5 to 30) 
Hy4: — COOM 

an alkali metal atom or in a 
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(M is hydrogen atom, 
dissociated form) 
Hyl: — S0 3 M 

(M is hydrogen atom, 
dissociated form) 



an alkali metal atom or in a 



50 



Hy6: — (CH 2 CH 2 0) r 

(n is an integer of 5 to 30, and M is hydrogen atom, an 
alkali metal atom) 
Hy7: — OPO(OH) 2 
Hy8: — N + (CH 3 ) 3 .X" 

(X is a halogen atom) 
Hy9: — COONH 4 

Nonionic hydrophilic groups (Hyl, Hy2, Hy3) are 
preferred, and a hydrophilic group of polyethylene oxide 
(Hyl) is most preferred. 

Concrete examples of the fluorine-containing surface 
active agent represented by the formula (II) are shown 
below. Each example is represented by a combination of the 
above Rf, L 3 and Hy. 
FS-1: Rfl-L31 (R=C 3 H 7 )-Hyl (n=6) 
FS-2: Rfl-L31 (R=C 3 H 7 )-Hyl (n=ll) 
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FS-3: Rfl-L31 (R=C 3 H 7 )-Hyl (n=16) 

FS-4: Rfl-L31 (R=C 3 H 7 )-Hyl (n=21) 

FS-5: RLL-L31 (R=C 2 H 5 )-Hyl (n=6) 

FS-6: Rfl-L31 (R=C 2 H 5 )-Hyl (n=ll) 

FS-7; Rfl-L31 (R=C 2 H 5 )-Hyl (n=16) 

FS-8: Rfl-L31 (R=C 2 H 7 )-Hyl (n=21) 

FS-9: Rf2-L31 (R=C 3 H 7 )-Hyl (n=6) 

FS-10: Rf2-L31 (R=C 3 H 7 )-Hyl (n=ll) 

FS-11: Rf2-L31 (R=C 3 H 7 )-Hyl (n=16) 

FS-12: Rf2-L31 (R=C 3 H 7 )-Hyl (n=21) 

FS-13: Rf3-L32 (AL=CH 2 )-Hyl (n=5) 

FS-14: Rf3-L32 (AL=CH 2 )-Hyl (n=10) 

FS-15: Rf3-L32 (AL=CH 2 )-Hyl (n=15) 

FS-16: Rf3-L32 (AL=CH 2 )-Hyl (n=20) 

FS-17: Rf4-L33 (R=C 3 H 7 )-Hyl (n=7) 

FS-18: Rf4-L33 (R=C 3 H 7 )-Hyl (n=13) 

FS-19: Rf4-L33 (R=C 3 H 7 )-Hyl (n=19) 

FS-20: Rf4-L33 (R=C 3 H 7 )-Hyl (n=25) 

FS-21: Rf5-L32 (AL=CH 2 )-Hyl (n=ll) 

FS-22; Rf5-L32 (AL=CH 2 )-Hyl (n=15) 

FS-23: Rf5-L32 (AL=CH 2 )-Hyl (n=20) 

FS-24: Rf5-L32 (AL=CH 2 )-Hyl (n=30) 

FS-25: Rf6-L34 (AR=p-phenylene)-Hyl (n=ll) 

FS-26: Rf6-L34 (AR=p-phenylene)-Hyl (n=17) 

FS-27: Rf6-L34 (AR=p-phenylene)-Hyl (n=23) 

FS-28: Rf6-L34 (AR=p-phenylene)-Hyl (n=29) 

FS-29: Rfl-L35 (R=C 3 H 7 , AL=CH 2 )-Hyl (n=20) 

FS-30: Rfl-L35 (R=C 3 H 7 , AL=CH 2 )-Hyl (n=30) 

FS-31: Rfl-L35 (R=C 3 H 7 , AL— CH 2 )-Hyl (n=40) 

FS-32: Rfl-L36-Hyl (n=5) 

FS-33: Rfl-L36-Hyl (n=10) 

FS-34: Rfl-L36-Hyl (n=15) 

FS-35: Rfl-L36-Hyl (n=20) 

FS-36: Rf7-L36-Hyl (n=8) 

FS-37: Rf7-L36-Hyl (n=13) 

FS-38: Rf7-L36-Hyl (n=18) 

FS-39: Rf7-L36-Hyl (n=25) 

FS-40: Rfl-LO-Hyl (n=6) 

PS-41: Rfl-LO-Hyl (n=ll) 

FS-42: Rfl-LO-Hyl (n=16) 

FS-43: Rfl-LO-Hyl (n=21) 

FS-44: Rfl-L31 (R=C 3 H 7 )-Hy2 (n=7, R^C^) 
FS-45: Rfl-L31 (R=C 3 H 7 )-Hy2 (n=13, R 1 =C 2 H 5 ) 
FS-46: Rfl-L31 (R=C 3 H 7 )-Hy2 (n=20, R^C^) 
FS-47: Rfl-L31 (R=C 3 H 7 )-Hy2 (n=28, R 1 =C 2 H 5 ) 
FS-48: Rf8-L32 (AL=CH 2 )-Hyl (n=5) 
FS-49: Rf8-L32 (AL=CH 2 )-Hyl (n=10) 
FS-50: Rf8-L32 (AL=CH 2 )-Hyl (n=15) 
FS-51: Rf8-L32 (AL=CH 2 )-Hyl (n=20) 
FS-52; Rfl-L37 (R=C 3 H 7 , AL=CH 2 CH 2 )-Hy3 (n=5) 
FS-53: Rfl-L37 (R=C 3 H 7 , AL=CH 2 CH 2 )-Hy3 (n=7) 
FS-54: Rfl-L37 (R=C 3 H 7 , AL=CH 2 CH 2 )-Hy3 (n=9) 
FS-55: Rfl-L37 (R=C 3 H 7 , AL=CH 2 CH 2 )-Hy3 (n=12) 
FS-56: Rf9-L0-Hy4 (M=H) 
FS-57: Rf3-L0-Hy4 (M=H) 

FS-58: Rfl-L38 (R=C 3 H 7 , AL=CH 2 )-Hy4 (M=K) 
FS-59: Rf4-L39 (R=C 3 H 7 , AL=CH 2 )-Hy4 (M=Na) 
FS-60: Rfl-L0-Hy5 (M=K) 

FS-61: Rfl0-L40 (AL^CH^ AL 2 =CH 2 CH 2 )-Hy5 (M=Na) 
FS-62: Rfll-L40 (AL^CH^ AL 2 =CH 2 CH 2 )-Hy5 (M=Na) 
FS-63: Rf5-L40 (AL^CIL, AL 2 =CH 2 CH 2 )-Hy5 (M=Na) 
FS-64: Rfl-L38 (R=C 3 H 7 , AL=CH 2 CH 2 CH 2 )-Hy5 (M=Na) 
FS-65: Rfl-L31 (R=C 3 H 7 )-Hy6 (n=5, N=Na) 
FS-66: Rfl-L31 (R=C 3 H 7 )-Hy6 (n=10, M=Na) 
PS-67: Rfl-L31 (R=C 3 H 7 )-Hy6 (n=15, M=Na) 
FS-68: Rfl-L31 (R=C 3 H 7 )-Hy6 (n=20, M=Na) 
FS-69: Rfl-L38 (R=C 2 H 5 , AL=CH 2 CH 2 )-Hy7 
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FS-70: Rfl-L38 (R=H, AL=CH 2 CH 2 CH 2 )-Hy8 (X=I) 
FS-71: Rfll-L41 (the following He, AL=CH 2 CH 2 CH 2 )- 
Hy6 

(N — dissociated form) 

(He of FS-71) 




H 3 C 



FS-72; Rfl-L42 (R = C 3 H 7 



AL 1 = CH 2 CH 2 , 



AL 2 = 15 



CH 2 CH 2 CH 2 )-Hy6 (MN=Na) 
FS-73: Rfl2-L0-Hy5 (M=Na) 
FS-74: Rfl3-L43 (AR=o-phenylene)-Hy6 (M=K) 
FS-75: Rfl3-L43 (AR=m-phenylene)-Hy6 (M=K) 
FS-76: Rfl3-L43 (AR=p-phenylene)-Hy6 (M=K) 
FS-77: Rf6-L44 (R=C 2 H 5 , AL=CH 2 CH 2 )-Hy5 (M=H) 
FS-78: Rf6-L45 (AR=p-phenylene, R=C 2 H 5 )-Hyl (n=9) 
FS-79: Rf6-L45 (AR=p-phenylene, R=C 2 H 5 )-Hyl (n=14) 
FS-80: Rf6-L45 (AR=p-phenylene, R=C 2 H 5 )-Hyl (n=19) 
FS-81; Rf6-L45 (AR=p-phenylene, R=C 2 H 5 )-Hyl (n=28) 
FS-82: Rf6-L46 (AR=p-phenylene)-Hyl (n=5) 
FS-83: Rf6-L46 (AR=p-phenylene)-Hyl (n=10) 
FS-84: Rf6-L46 (AR=p-phenylene)-Hyl (n=15) 
FS-85: Rf6-L46 (AR=p-phenylene)-Hyl (n=20) 

A fluorine -containing surface active agent having two or 
more fluorine-containing hydrophobic or hydrophilic groups 
may be used. Examples of such surface active agent are 
shown below. 
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FS-92: n=5 
FS-93: n=10 
FS-94: n=15 
FS-95: n=20 



10 



H (CF 2 ) 6 — CH 2 — O CO CH 2 

H (CF 2 ) 6 — CH 2 — O CO CH S0 3 Na 



(FS-96) 



Two or more fluorine-containing surface active agents 
may be used in combination. 

Surface active agents are described in various publica- 
tions (e.g., Hiroshi Horiguchi, "New Surface Active Agents 
(written in Japanese)", Sankyo Shuppan Co., 1975; M. J. 
Schick, "Nonionic Surfactants", Marcell Dekker Inc., New 
York (1967); Japanese Patent Provisional Publication No. 
7(1995)-13293). 

The fluorine -containing surface active agent is used pref- 
erably in an amount of 2 to 30 wt. %, more preferably in an 
amount of 3 to 25 wt. %, most preferably in an amount of 
5 to 10 wt. % based on the amount of the discotic liquid 
crystal compound. 

The fluorine -containing surface active agent is applied 
preferably in an amount of 25 to 1,000 mg/m 2 , more 
preferably in an amount of 30 to 500 mg/m 2 , most preferably 
in an amount of 35 to 200 mg/m 2 . 

The compound having 1,3,5-triazine ring is preferably 
represented by the formula (III); 



CH 3 CH 3 CH 3 CH 3 

CH 3 CHCH 2 C C= C C CH 2 CHCH 3 

H (CF 2 ) 8 CO (OCH 2 CH 2 ) nl O O (CH 2 CH 2 0) n2 — CO (CF 2 ) 8 H 



(FS-86 to FS-88) 



FS-86: nl+n2=12 
FS-87: nl+n2=18 
FS-88: nl+n2=24 
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CH 3 



CH. 



(FS-89 to FS-91) 
CH 3 ? H 3 



CH 3 CHCH 2 — C— CII= CII— C — CH 2 CHCH 3 50 
H— (CF 2 ) 8 — CO - (OCH 2 CH 2 ) nl O O - (CH 2 CH 2 0) n2 -H 



YY 



(III) 



X 2 

I* 

R 



FS-89: nl+n2=20 
FS-90: nl+n2=30 
FS-91: nl+n2=40 



in which each of X 1 , X 2 and X 3 is independently a single 
bond, — NR — (R is an alkyl group having 1 to 30 carbon 
atoms or a hydrogen atom), — O — or — S — ; and each of 



-(CH 2 -CH) 50 




(CH CH) 50 

0 = C C=0 C 3 H 7 

I I I 

OH OCH 2 CH 2 — (OCH 2 CH 2 ) s NS0 2 — n-C 8 F 17 



(FS-92 to FS-95) 
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R 31 , R 32 and R 33 is independently an alkyl group, an alkenyl 
group, an aryl group and a heterocyclic group. 

The compound represented by the formula (III) is pref- 
erably a melamine compound. In the melamine compound, 
X 1 , X 2 or X 3 in the formula (III) is — NR — . Otherwise, X 1 , 
X 2 or X 3 is a single bond and R 31 , R 32 and R 33 are 
heterocyclic groups in each of which a nitrogen atom has a 
dissociated valence. The melamine compound is described 
in detail below as a compound of the formula (IV). 

The R in — NR — is preferably a hydrogen atom. 

Each of R 31 , R 32 and R 33 is preferably an aryl group. 

As the above alkyl group, a chain alkyl group is preferred 
to a cyclic one, and a straight chain alkyl group is preferred 
to a branched one. The alkyl group has preferably 1 to 30 
carbon atoms, more preferably 2 to 30 carbon atoms, further 
preferably 4 to 30 carbon atoms, and most preferably 6 to 30 
carbon atoms. The alkyl group may have a susbstituent 
group. Examples of the susbstituent group include a halogen 
atom, an alkoxy group (e.g., methoxy, ethoxy, 
epoxyethyloxy) and an acyloxy group (e.g., acryloyloxy, 
methacryloyloxy). 

As the above alkenyl group, a chain alkenyl group is 
preferred to a cyclic one, and a straight chain alkenyl group 
is preferred to a branched one. The alkenyl group has 
preferably 2 to 30 carbon atoms, more preferably 3 to 30 
carbon atoms, further preferably 4 to 30 carbon atoms, and 
most preferably 6 to 30 carbon atoms. The alkenyl group 
may have a susbstituent group. Examples of the susbstituent 
group include a halogen atom, an alkoxy group (e.g., 
methoxy, ethoxy, epoxyethyloxy) and an acyloxy group 
(e.g., acryloyloxy, methacryloyloxy). 

The above aryl group is preferably phenyl or naphthyl, 
particularly preferably phenyl. 

The aryl group may have a susbstituent group. Examples 
of the susbstituent group include a halogen atom, hydroxyl 
cyano, nitro, carboxyl, an alkyl group, an alkenyl group, an 
aryl group, an alkoxy group, an alkenyloxy group, an 
aryloxy group, an acyloxy group, an alkoxycarbonyl group, 
an alkenyloxycarbonyl group, an aryloxycarbonyl group, 
sulfamoyl, an alky 1-substitu ted sulfamoyl group, an alkenyl- 
substituted sulfamoyl group, an aryl-substituted sulfamoyl 
group, a sulfone amide group, carbamoyl, an alkyl- 
substituted carbamoyl group, an alkenyl-substituted carbam- 
oyl group, an aryl-substituted carbamoyl group, an amide 
group, an alkylthio group, an alkenylthio group, an arylthio 
group and an acyl group. 

The aforementioned description of the alkyl group can be 
applied for the above alkyl group. 

Also the description of the alkyl group can be applied for 
the alkyl moieties of the alkoxy group, the acyloxy group, 
the alkoxycarbonyl group, the alkyl-substituted sulfamoyl 
group, the sulfone amide group, the alkyl-substituted car- 
bamoyl group, the amide group, the alkylthio group and the 
acyl group. 

The aforementioned description of the alkenyl group can 
be applied for the above alkenyl group. Also the description 
of the alkenyl group can be applied for the alkenyl moieties 
of the alkenyloxy group, the acyloxy group, the alkenyloxy- 
carbonyl group, the alkenyl-substituted sulfamoyl group, the 
amide group, the alkenylthio group and the acyl group. 

Examples of the aryl group include phenyl, o>naphthyl, 
(3-naphthyl, 4-methoxyphenyl, 3,4-diethoxyphenyl, 
4-octyloxyphenyl and 4-dodecyloxyphenyl. These examples 
can be applied for the aryl moieties of the acyloxy group, the 
acyloxy group, the aryloxycarbonyl group, the aryl- 
substituted sulfamoyl group, the sulfone amide group, the 
aryl-substituted carbamoyl group, the amide group, the 
arylthio group and the acyl group. 
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If X 1 , X 2 or X 3 is — NR— , — O— or — S— , the hetero- 
cyclic group is preferably aromatic. The aromatic heterocy- 
clic ring is generally unsaturated, and preferably has double 
bonds as many as possible. The aromatic heterocyclic ring is 

5 preferably 5-, 6- or 7-membered (more preferably 5- or 
6-membered, most preferably 6-membered). Preferred 
hetero- atoms are nitrogen, oxygen and sulfur. Nitrogen atom 
is particularly preferred. As the aromatic heterocyclic ring, 
pyridine ring is particularly preferred (2-pyridyl or 4-pyridyl 

10 is particularly preferred as the heterocyclic group). The 
heterocyclic ring may have a substituent group. Examples of 
the substituent group are the same as those for the aryl group 
described above. 

15 If X 1 , X 2 or X 3 is a single bond, the heterocyclic group is 
preferably a heterocyclic group in which a nitrogen atom has 
a dissociated valence. The heterocyclic group is preferably 
5-, 6- or 7-membered (more preferably 5- or 6-membered, 
most preferably 5-membered). The heterocyclic group may 

20 have two or more nitrogen atoms, and also may have a 
hetero-atom (e.g., O, S) other than nitrogen. The heterocy- 
clic group may have a substituent group. Examples of the 
substituent group are the same as those for the aryl group 
described above. 

25 Examples of the heterocyclic group in which a nitrogen 
atom has a dissociated valence are shown below. 

(Hc-1) 



30 



35 



40 




(Hc-2) 



'CH 3 



(HC " 3) 

n-C 16 H 37 O CO 

(Hc-4) 




(Hc-5) 



O 
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-continued 

n-C 8 H 17 



(He- 6) 



(Hc-7) 



15 



n-C 10 H 2 i 
n-C 16 H 37 NH CO 



(Hc-8) 



20 



n-C n H 2 3 



(Hc-9) 
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-N O 

\ / 



(Hc-10) 
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CH 3 



Br 



(Hc-11) 



35 




(Hc-12) 



n-C 8 H 17 O CO 



At least one of R 31 , R 32 and R 33 preferably has an 
alkylene or alkenylene moiety having 9 to 30 carbon atoms. 
The alkylene or alkenylene moiety having 9 to 30 carbon 
atoms preferably has a straight chain structure. The alkylene 
or alkenylene moiety is preferably included in the substitu- 
ent group of the aryl group. 

Further, at least one of R 31 , R 32 and R 33 preferably has a 
polymerizable group as a substituent group. The compound 
having 1,3,5-triazine ring preferably has two or more poly- 
merizable groups. The polymerizable group is preferably 
placed at the terminal end of R 31 , R 32 or R 33 . 

If the compound having 1,3,5-triazine ring has a poly- 
merizable group, the resultant optically anisotropic layer can 
contain the discotic liquid crystal molecules polymerized 
with the compound having 1,3,5-triazine ring. 

Hereinafter, R 31 , R 32 or R 33 having a polymerizable group 
as a substituent group is represented by the following 
formula (Rp): 



-L 5 (-Q)„ 
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(Rp) 



in which L 5 is a (n+1) valent linking group; Q is a poly- 
merizable group; and n is an integer of 1 to 5. 

The (n+1) valent linking group (L 5 ) in the formula (Rpl) 
is preferably a combined linking group of at least two groups 
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selected from the group consisting of an alkylene group, an 
alkenylene group, a (n+1) valent aromatic group, a divalent 
heterocyclic group, — CO — , — NR — (R is an alkyl group 
having 1 to 30 carbon atoms or a hydrogen atom), — O — , 
— S — and — S0 2 — . The alkylene group preferably has 1 to 
12 carbon atoms. The alkenylene group preferably has 2 to 
12 carbon atoms. The aromatic group preferably has 6 to 10 
carbon atoms. 

Examples of L 5 in the formula (Rp) are shown below. In 
the examples, the left side is attached to X 1 , X 2 or X 3 (or 
directly attached to 1,3,5-triazine ring in the case that X 1 , X 2 
or X 3 is a single bond), and the right side is attached to the 
polymerizable group (Q) In the examples L53 to L59, each 
right side (each of n terminal ends) is attached to the 
polymerizable group (Q). The AL means an alkylene group 
or an alkenylene group, the He means a divalent heterocyclic 
residue and the AR means an arylene group. The alkylene 
group, the arylene group and the divalent heterocyclic 
residue may have substituent groups (e.g., alkyl group, 
halogen atom). 



L51 
L52 
L53 
L54 
L55 
L56 
L57 
L58 
L59 



-CO— 



— AL — O- 
— AL — O — 

— AR( — O — AL — O — CO- 
— AR( — O — A I —O—l, 
— AR(— O— CO— AL— O— CO— )„ 
— AR( — CO — O — AL— O — CO— )„ 
— AR(— O— CO— AR— O— AL— O— CO— )„ 
— AR(— NR— S0 2 — AL— O— CO— )„ 
— AR (^S0 2 — NR— AL— O— CO— )„ 
Examples of the polymerizable group (Q) in the formula 
(Rp) are the same as those of the polymerizable groups (Ql 
to Q17) for the discotic liquid crystal molecules. The poly- 
merizable group is used to polymerize the compound having 
1,3,5-triazine ring with the discotic liquid crystal molecules, 
and hence the polymerizable group in the compound having 
1,3,5-triazine ring is preferably similar to that in the discotic 
liquid crystal molecule. Therefore, the polymerizable group 
(Q) in the compound having 1,3,5-triazine ring preferably is 
an unsaturated polymerizable group (Ql to Q7), an epoxy 
group (Q8) or an aziridinyl group (Q9), more preferably is 
an unsaturated polymerizable group, and most preferably is 
an ethylenically unsaturated group (Ql to Q6). 

In the case that n is 2 or more (2 to 5), the linking group 
(L 5 ) preferably contains a (n+1) valent aromatic group and 
more preferably branches at that aromatic group. Preferably, 
n is an integer of 1 to 3. 

Examples of the confound having 1,3,5-triazine ring 
(except for a melamine compound) are shown below. 
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JJ N I 

YT 

N^N 



(TR-1 to TR-13) 



TR-1: R 31 , R 32 , R 33 : — (CH 2 ) 9 — O— CO— CH=CH 2 
TR-2: R 31 , R 32 , R 33 : — (CH 2 ) 4 — CH=CH— (CH 2 ), 

CO — CH=CH 2 
TR-3: R 31 , R 32 : — (CH 2 ) 9 — O— CO— CH=CH. 



R 3 



— (CH 2 ) 12 - 
TR-4: R 31 , R 3 

CH=CH 2 ; 
TR-5: R 31 : 

( CH 2)l2" 



-CH 3 

z : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 
R 33 : — (CH 2 ) 12 — CH 3 
_(CH 2 ) 9 — O 
-CH^ 



-CO- 



CO— CH=CH 2 ; R 32 , 



R 3 
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TR-6: R 31 : — (CH,) 4 — CH=CH — (CH 2 ) 4 — O — CO — TR-28: X 1 , X 2 : — NH — ; X 3 : — S— ; R 31 , R 32 , R 34 , R 35 : 

CH=CH 2 ; R 32 , R S5 : — (CH 2 ) 12 — CH 3 — O — (CH 2 ) 9 — O — CO — CH=CH 2 ; R 38 : — O— CO— 

TR-7: R 31 , R 32 : — (CH 2 ) 4 — O— CO— CH=CH 2 ; R 33 : (CH 2 ) U -CH 3 

— (CH 2 ) I2 — CH 3 TR-29: X 1 , X 2 : — NH— ; X 3 ; — S— ; R 32 , R 35 : — O— 

TR-8: R : — (CH 2 ) 4 — O— CO— CH=CH 2 ; R 32 , R 33 : 5 (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — O— CO— CH=CH 2 ; R 38 : 

— (CH^) 12 — CH^ q co (CH 2 ) 1:L CH 

TrJi: R 3 \ R 32 : ^CH 2 ) 9 -0-E P Et; R 33 : -^CH 2 ) 12 - ^ R« R 36 : 

TR-12: R 31 , R 32 , R 33 : — (CH 2 ) 9 — O— CH=CH 2 — O^CH^— O— CO— CH— CH 2 ; R 38 : — O— CO— 

TR-13: R 31 , R 32 : -(CH 2 ) -0-CH=CH 2 ; R 33 : ^^rf^ 3 mm • y3. q • R3i R 3 2 r33 r34 
— (CH 2 ) 12 — CH 3 TR -^?- x > x ■ — NH— X . —S-; R , R , R , R , 

(Remark) R > R ~~ °— (CH 2 ) 9 — O— CO— CH=CH 2 ; R 38 ; 

EpEt: Epoxyethyl — O— CO— (CH^— CH 3 

15 TR-33: X 1 , X 2 : — O— ; X 3 : — S— ; R 32 , R 35 , R 38 : — O— 

(TR-14 to TR-65) (CH 2 ) 9 — O— CO CH=CH 2 

TR-34; X 1 , X 2 ; — O— ; X 3 : -^S— ; R 32 , R 35 : — O— (CH 2 ) 4 

— O— CO— CH=CH 2 ; R 38 : — O— (CH^— CH 3 
TR-35: X 1 X 2 : — O— ; X 3 : — S— ; R 32 , R 35 : — O— (CH 2 ) 4 
20 — O— CO— CH=CH 2 ; R 37 , R 38 : — O— (CH 2 ) 12 — CH 3 
TR-36: X 1 , X 2 : — O— ; X 3 — S— ; R 32 , R 35 : — O— (CH 2 ) 4 
— O— CO— CH=CH 2 ; R 38 : — O— CO— (CH^— CH 3 
TR-37: X 1 : — O — ; X 2 , X 3 : — S— ; R 31 , R 33 : — O — (CH 2 ) 12 
— CH 3 ; R 35 , R 38 : — O— (CH 2 ) 9 — O— CO— CH=CH 2 
25 TR-38: X 1 : — O— ; X 2 , X 3 : — S— ; R 31 , R 32 : — O— (CH 2 ) 6 
— O— CO— CH=CH 2 ; R 35 , R 38 : — O— (CH 2 ) 1:l — CH 3 
TR-39: X 1 : — O— ; X 2 , X 3 : — S— ; R 31 , R 32 , R 33 : — O— 
(CH 2 ) 6 — O — CO — CH=CH 2 ; R 35 , R 38 : — O— (CH^ 
— CH 3 

30 TR-40: X 1 , X 2 , X 3 : — S— ; R 32 , R 35 , R 38 : — O— (CH 2 ) 9 — 
O— CO— CH=CH 2 
TR-41: X 1 , X 2 , X 3 : — S— ; R 31 , R 32 , R 34 , R 35 , R 37 , R 38 : 
— O— (CH 2 ) 9 — O— CO— CH=CH 2 
TR-14: X 1 , X 2 X 3 -0-; R 32 R 35 R 38 : _0^(CH 2 ) 9 -0- TR " 42: X 1 , X 2 , X 3 ; -S— ; R 32 , R 35 , R 38 ; -0-(CH 2 ) 4 - 

CO— CH=CH 35 CH=CH— (CH 2 ) 4 — O— CO— CH=CH 2 

TR-15: X 1 , X 2 , X 3 : — O— ; R 31 , R 32 , R 34 , R 35 , R 37 , R 38 : TR-43: X 1 , X 2 , X 3 : — S— ; R 31 , R 32 , R 34 , R 35 , R 37 , R 38 : 
— O— (ChJc,— O— CO— CH=CH 2 — O — (CH 2 ) 4 — CH = CH- (CH 2 ) 4 — O — CO — 

TR-16: X 1 , X s , X 3 : — O— ; R 32 , R 35 , R 38 : — O— (CH 2 ) 4 — CH=CH 2 

CH=CH— (CHa) 4 — O— CO— CH=CH 2 T R-44: X 1 , X 2 , X 3 : — S— ; R 31 , R 33 , R 34 , R 36 , R 37 , R 39 : 

TR-17: X 1 X 2 , f: -O-; R , R 32 R 34 , R , R 37 , R 38 : 40 _ 0 ^(CH 2 ) 9 -0-C0-CH=CH 2 

^Z^ H ^ 4 ~ CH = CH— (CH 2 ) 4 — O — CO— T R-45:X\X 2 ,X 3 :— S— ; R 31 , R 32 , R 33 , R 34 , R 35 , R 36 , R 37 , 

ill 1C . vl v2 v3. r\ • t)31 n 33 D 34 t> 35 11 37 r>39. R 38 , R 39 I O (CH 2 ) Q O CO CH^CH 2 

TR JX4c&^ ' ' ' * TR-46: X 1 , X 2 : S ; X 3 : NH ; R 32 , R 35 , R 38 : O 

TR-19: X 1 , X 3 : — O— ; R 31 , R 32 , R 33 , R 34 , R 35 , R 36 , (CH 2 ) 9 — O— CO— CH=CH 2 

R 37 , R 38 , R 39 : — O — (CH 2 ) 9 — O — CO — CH=CH 2 45 TR-47: X 1 , X 2 : ^— ; X 3 : — NH— ; R 32 , R 35 : — O— 

TR-20: X 1 , X 2 : — O— ; X 3 : — NH— ; R 32 , R 35 , R 38 : — O— (CH 2 ) 4 — O — CO — CH=CH 2 ; R 38 : — O — 

(CH 2 ) 9 — O — CO — CH=CH 2 (CH 2 ) 12 — CH 3 

TR-21: X 1 , X 2 : — O— ; X 3 : — NH— ; R 32 , R 35 : — O— TR-48: X 1 , X 2 : — S— ; X 3 : — NH— ; R 32 , R 35 : — O— 

(CH 2 ) 4 — O— CO— CH=CH 2 ; R 38 : — O— (CH 2 ) 12 — (CH 2 ) 4 — O— CO— CH=CH 2 ; R 37 , R 38 : — O— (CH 2 ) 

CH 3 50 — CH 3 

TR-22: X 1 , X 2 : — O— ; X 3 : — NH— ; R 32 , R 35 : — O— TR-49: X 1 X 2 : — S— ; X 3 : — NH— R 32 R 35 - 





3 



(CH 2 ) 4 — O— CO— CH=CH 2 ; R , R : — O— (CH 2 ) 12 — O— CO— CH=CH 2 ; R 38 : — O— CO— (CH^— CH 

— CH 3 , , _ TR-50: X 1 : — O— ; X 2 : — NH— ; X 3 : _S- 

TR-23: X 1 , X 2 : -O-; X 3 : -NH-; R 32 , R : -O- _ 0 -(CH 2 ) 12 -CH 3 ; R 35 : _0-(CH 2 ) c 

(CH^— O— CO— CH=CH 2 ; R : — O— CO— (CHJ^ 55 CH=CH 2 ; R 38 : — O— CO— (CH^— CH 3 

TR-24: X 1 : — O — ; X 2 , X 3 : — NH — ; R 31 , R 33 : — O — ^ /r^w ^ o r^n r'li r^u • t? 35 - n 

OT=CH ' _ (CH 2 ) 9 — O— CO— (CH^n— CH 3 ; R 38 : — O— CO— (ay^- CH 3 

TR ?S x 1 * 2 O • X 2 ~X 3 - kit i . d3i d32. q TR-52: X 1 : — O — ; X 2 : — NH — ; X 3 : — S — ; R 31 , R 32 , R 33 : 

(~cu\ n rn rh— ru • r 35 r 3 ? ' rwrw \ 60 -0-(CH 2 ) 6 -0-CO-CH=CH 2 ; R 35 : — O— 

TR-26: X 1 : — O— ; X 2 , X 3 : — NH— ; R 31 , R 32 , R 33 : — O— TR-53: X 1 , X 2 , X 3 : — O— ; R 32 , R 35 , R 38 : -0^(CH 2 )— 
(CH 7 ) fi — O — CO — CH=CH 9 ; R 35 , R 38 : — O — (CH,)^ ° — E P Et 

__CH 3 TR-54: X 1 , X 2 , X 3 : — O— ; R 31 , R 32 , R 34 , R 35 , R 37 , R 38 : 

TR-27: X 1 , X 2 : — NH— ; X 3 : — S— ; R 32 , R 35 : — O— 65 — 0^(CH 2 ) 9 — O— EpEt 

(CH 2 ) 9 — O — CO — CH=CH 2 ; R 38 : — O — CO — (CH 2 ) 1 2 TR-55: X 1 , X 2 , X 3 : — O— ; R 32 , R 35 , R 38 ; — O— (CH 2 ) 4 — 
— CH 3 CH=CH— (CH 2 ) 4 — O— EpEt 
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TR-56: X 1 , X 2 , X 3 : — O— ; R 3 \ R 32 , R 34 , R 35 , R 37 , R 38 : 

— O — (CH 2 ) 4 — CH=CH — (CH 2 ) 4 — O — EpEt 
TR-57: X 1 , X 2 , X 3 : — O— ; R 31 , R 33 , R 34 , R 36 , R 37 , R 39 : 

— O — (CHJ 9 — O — EpEt 
TR-58: X 1 , X* X 3 : — O— ; R 32 , R 35 , R 38 

O— CH=CH 2 
TR-59: X 1 , X 2 : — O— : X 3 : — NH— ; R 32 , R 35 , R 39 : 

(CH 2 ) 9 — O— EpEt 
TR-60: X 1 , X 2 : — O— ; X 3 : — NH— ; R 32 , R 35 : — O— 

(CH 2 ) 4 — O— EpEt; R 38 : — O— (CH 2 ) 12 — CH 3 
TR-61: X 1 , X 2 : — O— ; X 3 : — NH— ; R 32 , R 35 : — O— 

(CH 2 ) 4 — O— EpEt; R 37 , R 38 : — O— (CH 2 ) 12 — CH 3 
TR-62: X 1 , X 2 : — O— ; X 3 : — NH— ; R 32 , R 35 : — O— 

(CH 2 ) 4 — O— EpEt; R 38 : — O— CO— <CH 2 ) 1:L — CH 3 
TR-63: X 1 ; — O — ; X 2 , X 3 : — NH— ; R 31 , R 33 : — O — 

(CH 2 ) 12 — CH 3 ; R 35 , R 38 : — O— (CH 2 ) 9 — O— EpEt 
TR-64: X 1 : — O— ; X 2 , X 3 : — NH— ; R 31 , R 32 : — O— 

(CH 2 ) 6 — O— EpEt; R 35 , R 38 : — O— (CH 2 ) 1;L — CH 3 
TR-65: X 1 : — O— ; X 2 , X 3 : — NH— ; R 32 , R 35 , R 38 : — O— 

(CH 2 ) 9 — O — CH^=CH 2 
(Remark) 

Not defined R: Hydrogen 
EpEt:Epoxyethyl 

The compound having 1,3,5-triazine ring is preferably a 
melamine compound represented by the following formula 
(IV). 



R 46 
I 

.N. 



YY 

R 44 ^R 43 



R 41 

I 



(IV) 



30 
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in which each of R 41 , R 43 and R 45 is independently an alkyl 
group having 1 to 30 carbon atoms or hydrogen atom; each 
of R 42 , R 44 and R 46 is independently an alkyl group, an 40 
alkenyl group, an aryl group or a heterocyclic group; or 
otherwise R 41 and R 42 , R 43 and R 44 or R 45 and R 46 are 
connected to each other to form a heterocyclic ring. 

Each of R 41 , R 43 and R 45 is preferably an alkyl group 
having 1 to 20 carbon atoms or hydrogen atom, more 45 
preferably an alkyl group having 1 to 10 carbon atoms or 
hydrogen atom, further preferably an alkyl group having 1 
to 6 carbon atoms or hydrogen atom, most preferably 
hydrogen atom. 

Each of R 42 , R 44 and R 46 is preferably an aryl group. 50 

The aforementioned definition and examples of substitu- 
ent group of the alkyl group, the alkenyl group and the aryl 
group in the formula (III) can be also applied for each of the 
above groups in the formula (IV). 

The aforementioned description of the heterocyclic group 55 
in which a nitrogen atom has a dissociated valence in the 
formula (III) can be also applied for the heterocyclic ring 
formed by R 41 and R 42 , R 43 and R 44 or R 45 and R 46 . 

At least one of R 42 , R 44 and R 46 preferably includes an 
alkylene or alkenylene moiety having 9 to 30 carbon atoms. 60 
The alkylene or alkenylene moiety having 9 to 30 carbon 
atoms preferably has a straight chain structure. The alkylene 
or alkenylene moiety is preferably included in the substitu- 
ent group of the aryl group. 

Further, at least one of R 42 , R 44 and R 46 preferably has a 65 
polymerizable group as a substituent group. The melamine 
compound preferably has two or more polymerizable 
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groups. The polymerizable group is preferably placed at the 
terminal end of R 42 , R 44 or R 46 . 

If the melamine compound has a polymerizable group, the 
resultant optically anisotropic layer can contain the discotic 
liquid crystal molecules polymerized with the melamine 
compound. 

The R 42 , R 44 or R 46 having a polymerizable group as a 
substituent group is the Same as the aforementioned group 
represented by the formula (Rp). 

Examples of the melamine compound are shown below. 



3 65 066 



(MM-1 to MM-46) 

R 42 R 43 



15 



20 



25 




MM-1: R 43 
MM-2: R 43 
MM-3: R 43 
MM-4: R 44 , R 54 , R 64 : 
MM-5: R 44 . 
MM-6: R 43 
(CH 2 ) 1Z - 
MM-7: R 44 . 
MM-8: R 44 . 
MM-9: R 43 



R 44 , R 53 , R 54 , R 63 , R 64 ; — O— (CH 2 ) 9 — CH 3 
R 44 , R 53 , R 54 , R 63 , R 64 ; — O— (CH 2 ) 1:L — CH 3 
R 44 , R 53 , R 54 , R 63 , R 64 ; — O- 



R 54 , R 64 : 
R 53 , R 63 : 



— O — (CH 2 ) 9 — CH 3 
— O— (CH 2 ) 15 — CH 3 

M n I • T? 44 R54 r 64. 



R 54 , R 64 : — CO — O — (CH 2 ) 12 — CH 3 
R 54 , R 64 : — S0 2 — NH— (CH 2 ) 17 — CH 3 
R 53 R 63 : — O— CO— (CH 2 ) 15 — CH 3 
MM-10: R 42 , R , R 62 : — O— (CH 2 ) 17 — CH 3 
MM-11: R 42 , R 52 , R 62 : — O— CH 3 ; R^ 3 , R 53 , R 63 : — 
O— (CH.)^— CH 3 

\yf.10- T?42 t?52 p 62. 



co- 



MM-12: R 42 , R , R 
(CH 2 ) tl — CH, 

" R 2 R 62 : 



CI; R 43 , R 53 , R 63 : 
CO— O— (CH^— CH 3 ; R 45 , 



MM-13: R 42 , 

R 55 , R 65 : — S0 2 — NH-iso-C 3 H 7 
MM-14: R 42 , R 52 , R 62 : —CI; R , R 55 , R 65 : — S0 2 — NH— 



(CH 2 ) 



1577CH3 

— 46 



MM-15: R 42 , R , R 2 R 



R 62 R 66. __ cl . R 45 ? R 55 R 65. 

-CH 3 ; R 44 , R 53 , R 63 , R 64 : 



— S0 2 — NH^-(CH 2 ) 19 — CH 3 
MM-16: R 43 , R 54 : — O— (CH 2 ) 9 

— O— (CH 2 ) 12 — CH 3 
MM-17: R 44 : — O— (CH^^— CH 3 ; R 54 : — O— (CH 2 ) 15 — 

CH 3 ; R 64 : — O— (CH 2 L- CH 3 
MM-18: R 42 , R 45 , R^ 2 , R^, R 62 , R 65 : — O— CH 3 ; R 44 , R 54 , 

R 64 : — NH— CO— (CH 2 ) 14 — CH^ 
MM-19: R 42 , R 45 , R 52 , R 5 ^ 1 

44 t>54 t> 64. 



R 6 



R 



L 3 . 



O— (CH 2 ) 3 — CH 3 ; 

R 44 , R^ 4 , R° 4 : — O— (CH 2 ) 15 — CH 3 
MM-20: R 42 , R 45 , R 62 : — NH— ^S0 2 — <CH 2 ) 15 — CH 3 ; R 44 

R 45 , R 54 , R 55 , R 64 , R 65 : —CI 
MM-21: R 42 , R 43 , R 52 , R 53 , R 62 , R 63 : — F; R 44 , R 54 , R 64 
— CO— NH— (CH 2 ) 15 — CH 3 ; R 45 , R 46 , R 55 , R 56 , R 65 
R 66 : — CI 



R 2 R 



-CI; R 44 , R 4 R 



-CH 3 ; R 



CH 3 ; R 45 , 



MM-22: R 

R 55 , R 65 : — NH— CO— (CH 2 ) 12 — CH 3 
MM-23: R 42 , R 52 , R 62 : —OH; R , R 54 , R 64 : 

R 55 , R 65 : — O— (CH 2 )_— CH 3 
MM-24: R 42 , R 45 , R 52 , R^, R 62 , R 65 : — O— CH 3 ; R 44 , R 54 

R^ 4 : — (^"^2)11 — ^-"^3 
MM-25: R 42 , R , R 62 : — NH— S0 2 — CH 3 ; R 45 , R 55 , R 65 
— CO— O— (CH^— CH 3 
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MM-26: R 42 , R 52 , R 62 : — S— (CH 2 ) 1:l — CH 3 ; R 45 , R 55 , R 65 : 
— S0 2 — NH 2 

MM-27: R 43 , R , R 53 , R 54 , R 63 , R 64 : — O— (CH 2 ) 12 — O— 

CO— CH=CH 2 
MM-28: R 43 , R 44 , R 53 , R 54 , R 63 , R 64 : 

CO— CH=CH 2 
MM-29: R 43 , R 44 , R 53 , R 54 , R 63 , R 64 : 
-CH=CH 9 

? 64. 



MM-50: R 45 , R 55 , R 6 



0^(CH 2 ) 8 — O— 
CO— (CH 2 ) 7 



— O — (CH 2 ) 17 — CH 3 ; R 47 , 

3 

CH 3 
CH^ 



R* 



— S0 9 — NH — Ph; R 48 , R 58 



R : — CO— O— (CH 2 ) 12 — O— CO— C 



MM-30: R 44 , R 54 , 
(CH 3 )=CH 2 

MM-31: R 43 , R 44 , R 53 , R 54 , R 63 , R 64 : — O— CO— p— Ph— 

(CH 2 ) 4 — O— CO— CH=CH 2 
MM-32: R 42 , R 44 , R 52 , R 54 , R 62 , R 64 : — NH^S0 2 — (CH 2 ) 8 

— O— CO— CH=CH 9 ; R 45 , R 56 , R 65 : —CI 



MM-51: R 43 , R 
MM-52: R 41 , R 51 , 
MM-53: R 46 , R 56 , R 6 

— O— (CH^— CH 3 
MM-54; R 45 , R 55 , R 65 

R 67 : — S0 2 — NH— Ph 
MM-55: R 41 , R 5 \ R 61 : — p— - Ph— (CH 2 ) 1:l — CH 3 
MM-56: R 46 , R 48 , R 56 , R 58 , R 66 , R 68 : — S0 2 — NH— (CH 2 ) 7 



R : — O— (CH 2 ) 15 
R 61 : — O— (CH 2 ) 17 

»3 



— O — (CH 2 ) 21 — CH 3 j 



R 68 : 
R 47 , R 57 , 



MM-33: R 



_CH=CH 2 ; R , R , R 

R 52 , R 62 : — NH— S0 2 — CH 3 ; R 45 , R 55 , R 65 : 
(CH 2 ) 12 — O— CO— CH=CH 2 



-CH^ 



CH=CH 2 ; R 48 



) 66 
,58 



MM-34: R 44 D * 4 
CH=CH 2 

MM-35: R 43 , R 44 , R 53 , R 54 , R 63 , R 64 : — O— (CH 2 ), 



15 MM-58: R 



R 



R 64 : — O— (CH 2 ) 9 — O— CO— 

O— 



CO — CH=CH 9 



CH=CH 2 ; R 4/ , R 
MM-59: R 43 , R 53 
CH=CH 9 



_ 0 — (CH 2 ) 12 — CH 3 
, R 65 : — O— (CH 2 ) 12 — O- 
57 , R 67 : — S0 2 — NH— Ph 
R 63 : 



-CO- 
-CO- 



— O— (CH 2 ) 16 — O— CO— 



MM-36: R 44 , R 54 , R : — 0^(CH 2 ) 4 — CH=CH^(CH 2 ) 4 20 (Remark) 



-O- 



"(CH 2 ) 4 - 
-O- 



-O— CO— CH=CH 2 
MM-37: R 43 , R 44 , R 53 , R 54 , R 63 , R e 

CH=CH— (CH 2 ) 4 — O — CO — CH=CH 2 
MM-38: R 43 , R 45 , R 53 , R 55 , R 63 , R 65 : — O— (CH 2 ) C 

CO— CH=CH 2 
MM-39: R 43 , R 44 , R 45 , R 53 , R 54 , R 55 , R 63 , R 64 , R 65 : 

— O— (CH 2 ) 9 — O— CO— CH=CH 2 
MM-40: R 44 , R 54 : — O — (CH 2 ) 4 — O — CO — CH=CH 2 : 

R 64 : — O— (CH 2 ) 9 — O— CO— CH=CH 2 
MM-41: R 44 , R 54 : — O— (CH 2 ) 4 - " r( 

R 64 : — O— (CH 2 ) 12 — CH 3 
MM-42: R 44 , R 54 : — O— (CH 2 ) 4 - 

R 63 , R 64 : — O— (CH 2 ) 12 — CH 3 
MM-43: R 44 , R 54 : — O— (CH 2 ) 4 — O— CO— CH=CH 2 ; 

R 63 R 64. _ 0 _C0— (CH 2 ) 12 — CH 3 
MM-44: R 43 , R 45 : — O— (CH 2 ) 12 — CH 3 ; R 54 R 64 : — O — 



25 



Not defined R: Hydrogen 

Ph: Phenyl 

p-Ph: p-Phenylene 



(MM-60 to MM-71) 



-o- 
-o- 



-co- 
-co- 



_CH=CH 2 ; 
_CH=CH^; 
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-co- 

R 44 : 



_CH=CH 9 



(CH 2 ) 9 — O 
MM-45: R 43 , R 44 : — O— (CH 2 ) C 

R 54 , R 64 : — O— (CH^— CH 3 
MM-46: R 43 , R 44 , R 45 : — O— (CH 2 ) ( 
CH=CH 2 ; R 54 , R 64 : — O— (CH^— CH 
(Remark) 

Not defined R: Hydrogen 
p-Ph: p-Phenylene 



O— CO— CH=CH, 



-o-co- 



(MM-47 to MM-59) 45 





MM-60: R 45 , R 55 : 
50 MM-61: R 42 , R 52 
MM-62: R 44 
MM-63: R 45 ; 
MM-64: R 43 . 
R 54 , R 64 : - 



R 



MM-47: R 46 . 

R 58 R 68. _0_( CH2 ) i _ CH3 

MM-48: R 45 , R 55 , R 65 : — S0 2 — NH — (CH 2 ) 2 
MM-49: R 46 , R 56 , R 66 : — S 0 2 — NH — (CH 2 ) 2 



56 , R 66 : — S0 2 — NH — (CH 2 ) 15 — CH 3 ; R 4 

CH. 



55 



60 



65 



R : — NH— CO— (CH 2 ) 14 — CH 3 
R 62 : — O— (CH 2 ) 17 — CH 3 
R 54 R 64. _ 0 _(CH 2 ) 15 — CH 3 
R 55 , R 65 : — S0 2 — NH— (CH 2 ) 15 — CH 3 
R 53 , R 63 : — CO— NH— (CH 2 ) 17 — CH 3 ; R 4 
-OH 

MM-65: R 45 , R 55 , R 65 : — O— (CH 2 ) 15 — CH 3 ; R 46 , R 56 , R 6 



— S0 2 — NH — (CH 2 ) n - 



-CH^ 



R 57 , R 67 : — O— (CH 2 ) 21 — CH 3 
R 54 R 64. _ 0 — p— Ph— (CH^^— CH 3 
R 56 , R 66 : — S0 9 — NH— (CH 2 )^— CH^ 



-CH^ 



MM-66: R 47 
MM-67: R 44 , 

MM-68: R 46 , rv , i\ - -.->v/ 2 - -nn -I V 1 1 2? is v 1 *3 
MM-69: R 43 , R 53 , R 63 : — CO— NH— (CH 2 ) 17 — CH 3 ; R 44 , 
R 54 R 64. _()_(( 1 1 2 ) ]2 — ()—( ( )— ( I I=CI I 2 

MM-70: R 45 , R 55 , R 65 : — O— (CH 2 ) 8 — O— CO— 
CH=CH 2 ; R 46 , R 56 , R 66 : — S0 2 — NH— (CH^^— CH 3 

MM-71: R 43 R 46 , R 53 , R 56 , R 63 , R 66 : — S0 2 — NH— (CH 2 ) 8 
— O— CO— CH=CH 9 
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(Remark) 

Not defined R: Hydrogen 
p-Ph: p-Phenylene 



H 3 C-(CH 2 ) lf — o. 
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EpEt: Epoxyethyl 
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(MM-72 to MM-75) 



(MM-89 to MM-95) 




10 



^0-(CH 2 ) ir -CH 3 



y ^ N 0-(CH 2 ) ir CH 3 



HsC-CCHa)!!— O- 




O (CH 2 ) 1 1 CH 3 



-CH^ 



MM-72: R 41 , R 43 , R 45 : 

MM-73: R 41 , R 43 , R 45 : — C 2 H 5 

MM-74: R 41 , R 43 : — C 2 H 5 ; R 45 : — CH 3 

MM-75: R 41 , R 43 , R 45 : — (CH 2 ) 3 — CH 3 
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MM-89: R 41 , R 42 , R 43 , R 44 , R 45 , R 46 : — (CH 2 ) 9 — CH 3 
MM-90: R 41 , R 43 , R 45 : — CH 3 ; R 42 , R 44 , R 46 : — (CH 2 ) 17 — 
CH 3 

MM-91: R 41 , R 42 , R 43 , R 44 : — (CH 2 ) 7 — CH 3 ; R 45 , R 46 ; 

— (CH 2 ) 5 — CH 3 
MM-92: R 41 , R 42 , R 43 , R 44 , R 45 , R 46 : — CyHx 
MM-93: R 41 , R 42 , R 43 , R 44 , R 45 , R 46 : — (CH 2 ) 2 — O— C 2 H 5 
MM-94: R 41 , R 43 , R 45 : — CH 3 ; R 42 , R 44 , R 46 : — (CH 2 ) 12 — 

O— CO— CH=CH 2 
MM-95: R 41 , R 42 , R 43 , R 44 , R 45 , R 46 : — (CH 2 ) 8 — O— CO— 

CH=CH 7 



30 



TV 



NH R 42 



(MM-76 to MM-88) 



(Remark) 

CyHx: -Cyclohexyl 
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(MM-96) 



NH 

R 44 



h 3 c-(ch 2 )h— q 

H 3 C— (CH 2 > 



(CH 2 ) 7 — CH 3 



MM-76: R 42 , R 44 , R 46 : — (CH 2 ) 9 — O — CO — CH=CH 2 
MM-77: R 42 , R 44 , R 46 : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — 
O— CO— C— CH=C 2 

^^=CH 2 j R 4 



Nil Vo-(CH 2 ) n - 
5 N^N O 



45 



H 3 C (CH 2 ) n O \cH 2 ) 7 — CH 3 
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MM-78: R 42 , R 44 : — (CH 2 ) 9 

— (CH 2 ) 12 — CH 3 
MM-79: R 42 , R 44 : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — O— 

CO— CH=CH 2 ; R 46 : — (CH 2 ) 12 — CH 3 
MM-80: R 42 : — (CH 2 ) 9 — O— CO— CH=CH 2 ; R 44 , R 46 : 

(CH 2 ) 12 - CH 3 melamine polymer can be also used as the melamine 

MM-81: R : — (CH 2 ) 4 — CH=CH — (CH 2 ) 4 — O — CO — compound. The melamine polymer is preferably synthesized 
CH=CH 2 ; R 44 , R 46 : — (CH 2 ) 12 — CH 3 by the polymerization reaction between a carbonyl com- 

MM-82: R 42 , R 44 : (CH 3 ) 4 O CO CH=CH 2 ; R 46 : pound and the melamine compound represented by the 

(CH 2 ) 12 CH 3 55 following formula (V). 

MM-83: R 42 : — (CH 2 ) 4 — O— CO— CH=CH 2 ; R 44 , R 46 : 
— (CH 2 ) 12 — CH 3 

MM-84: R 42 , R 44 , R 46 : — (CH 2 ) 9 — EpEt / R - R \ R < _ NH 

MM-85: R 42 , R 44 , R 46 : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — 60 
O — EpEt 

MM-86: R 42 , R 44 : — (CH 2 ) 9 — O— EpEt; R 46 : — (CH 2 ) 12 — 
CH 3 

MM-87: R 42 , R 44 , R 46 : — (CH 2 ) 9 — O— CH=CH 2 65 
MM-88: R 42 , R 44 : — (CH 2 ) 9 — O— CH=CH 2 ; R 46 : 
— (CH 2 ) 12 — CH 3 



(V) 



c 

II 

o 



TV 
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-H; R 82 : — O— (CH 2 ) 4 — CH=CH— (CH 2 ) 4 - 



R /( 



TT 



- R 74 



in which each of R 71 , R 72 , R 73 , R 74 , R 75 and R 76 is 
independently hydrogen atom, an alkyl group, an alkenyl 
group, an aryl group or a heterocyclic group. 

The aforementioned definition and examples of substitu- 
ent group of the alkyl group, the alkenyl group, the aryl 
group and the heterocyclic group in the formula (III) can be 
also applied for each of the above groups in the formula (V). 

The polymerization reaction between the carbonyl com- 
pound and the melamine compound is the same as an usual 
synthesis method for known melamine resins (e.g., 
melamine formaldehyde resin). A commercially available 
melamine polymer (melamine resin) may be used. 

The melamine polymer preferably has a molecular weight 
of 2,000 to 400,000. 

At least one of R 71 , R 72 , R 73 , R 74 , R 75 and R 76 preferably 
has an alkylene or alkenylene moiety having 9 to 30 carbon 
atoms. The alkylene or alkenylene moiety having 9 to 30 
carbon atoms preferably has a straight chain structure. The 
alkylene or alkenylene moiety is preferably included in the 
substituent group of the aryl group. 

Further, at least one of R 71 , R 72 , R 73 , R 74 , R 75 and R 76 
preferably has a polymerizable group as a substituent group. 
The polymerizable group is preferably placed at the terminal 
end of R 71 , R 72 , R 73 , R 74 , R 75 or R 76 . 

If the melamine polymer has a polymerizable group, the 
resultant optically anisotropic layer can contain the discotic 
liquid crystal molecules polymerized with the melamine 
polymer. 

The R 71 , R 72 , R 73 , R 74 , R 75 or R 76 having a polymerizable 
group as a substituent group is the same as the aforemen- 
tioned group represented by the formula (Rp). 

The polymerizable group is introduced into either the 
carbonyl compound (R 71 , R 72 ) or the melamine compound 
(R 73 , R 74 , R 75 , R 76 ). If the melamine compound has the 
polymerizable group, the carbonyl compound is preferably 
a compound of simple structure such as formaldehyde. On 
the other hand, if the carbonyl compound has the polymer- 
izable group, the melamine compound is preferably a com- 
pound of simple structure such as non-substituted melamine. 

Examples of the carbonyl compound having a polymerize 
group are shown below. 

(CO-l to CO- 11) 



CO-3:R 7 

O— CO— CH=CH 2 
CO-4:R 72 : — H; R 81 , R 82 : — O— (CH 2 :) 4 — CH=CH— 
(CH 2 ) 4 — O — CO — CH=CH 2 
5 CO-5:R 72 : — H; R 81 , R 83 ; — O — (CH 2 ) 9 — O— CO— 
+ «h 2 o CH=CH 2 

CO-6:R 72 : — H; R 81 , R 82 , R 83 : — O— (CH 2 ) 9 — O— CO— 
CH=CH 2 

CO-7:R 72 : — CH 3 ; R 82 : — O— (CH 2 ) 9 — O— CO— 
CH=CH 2 

CO-8:R 72 : — (CH 2 ) 1:L — CH 3 ; R 82 : — O— (CH 2 ) 4 — O— 

CO— CH=CH 2 
CO-9:R 72 : — (CH 2 ) 9 — O— CO— CH=CH 2 ; R 82 : — O— 

(CH 2 ) 4 — O— CO— CH=CH 2 
CO-10: R 72 : — (CH 2 ) 9 — O— CO— EpEt; R 82 : — O— 

(CH 2 ) 4 — O — CO — CH=CH 2 
CO-11: R 72 : — O— (CH 2 ) 4 — O— CO— CH=CH 2 ; R 81 , 

R 83 : — O— (CH 2 ) 12 — CH 3 
(Remark) 

Not defined R: Hydrogen 
EpEt: Epoxyethyl 
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CO-l:R 72 : — H; R 82 : — O— (CH 2 ) 9 — O— CO— CH=CH 2 65 
CO-2:R 72 : — H; R 81 , R 82 : — O— (CH 2 ) 9 — O— CO— 
CH=CH 9 




(CO- 12 to CO- 13) 



30 



R 8 



CO-12: R 81 , R 8 

CH=CH 2 
CO-13: R 82 , R 83 : 
(Remark) 
Not defined R: Hydrogen 



c 

II 

o 



R 8 



— O— (CH 2 ) 6 — O— CO— 



O— (CH 2 ) 9 — O— CO— CH=CH 2 



(CO- 14 to CO-26) 



CO-14: R 71 : — (CH 2 ) 9 — O— CO— C=CH 2 ; R 72 : — H 
CO-15: R 71 : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — O— CO— 

CH=CH 2 ; R 72 : — H 
CO-16: R 71 : — (CH 2 ) 9 — O— CO— CH=CH 2 ; R 72 : — CH 3 
CO-17: R 71 : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — O— CO— 



CH=CH 9 ; R 



-CH, 



CO-18: R 71 : — (CH 2 ) 9 — O— CO— CH=CH 2 ; R 72 : — Ph 
CO-19: R 71 : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — O— CO— 

CH=CH 2 ; R 72 : — Ph 
CO-20: R 71 : — (CH 2 ) 4 — O— CO— CH=CH 2 ; R 72 : 

— (CH 2 ) 9 — O— CO— CH=CH 2 
CO-21: R 71 : — (CH 2 ) 4 — O — CO — CH=CH 2 ; R 72 : 

— (CH 2 ) 12 — CH 3 
CO-22: R 71 : — (CH 2 ) 9 — O— EpEt; R 72 : — H 
CO-23: R 71 : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — O— EpEt; 

R 72 : — H 

CO-24: R 71 , R 72 : — (CH 2 ) 9 — O— EpEt 

CO-25: R 71 , R 72 : — (CH 2 ) 9 — O — CO — CH=CH 2 

CO-25: R 71 , R 72 : — (CH 2 ) 4 — CH=CH— (CH 2 ) 4 — O— 

CO— CH=CH 2 
(Remark) 
Ph: Phenyl 
EpEt: Epoxyethyl 

Examples of the melamine polymers having polymeriz- 
able groups in their melamine moieties are shown below. 
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R? .R 71 R 7 ? -R 71 

-o— c c^— 

I I 

.N^ ^N^ ^,N^ 



(MP-1 to MP- 14) 



75^ ^R74 



10 



-NH— CO— CH=CH 2 ; R 74 : 



MP-1:R 73 , R 75 , R 76 : — CH 2 

— CH 2 — NH — C O — (CHjlg — CH 3 
MP-2:R^: — CH 3 ; R 73 , R , R 76 : — CH 2 — NH— CO— 

CH=CH 2 ; R 74 : — CH 2 — NH— CO— (CH 2 ) 8 — CH 3 
MP-3:R 71 , R 72 : — CH 3 ; R^ 3 , R 75 , R 76 : — CH 2 — NH— CO— 

CH=CH 2 ; R 74 : — CH 2 — NH- 
MP-4:R 71 : — Ph; R 73 , R 75 , R' y 

CH=CH 2 ; R 74 : — CH 2 — NH— CO— (CH 2 ) 8 — CH 3 
MP-5:R 73 , R 76 : — CH 2 — NH— CO— CH=CH 2 ; R 74 : 
— CH 2 — NH— CO— (CH 2 )7— CH=CH— (CH 2 ) 7 — 



-CO — (CH 2 ) 8 — CH 3 
— CHo — NH — CO- 



CH 3 ; R 75 : 
MP-6:R 73 , 
— CH 2 - 
CHo* R 



— CH 2 — O— CH 3 
R 76 : 



CH 9 — NH — CO — CH=CH 9 ; R 7 



-NH— CO— (CH 2 ) 7 — CH=CH— (CH 2 ) 7 — 
— CH 2 — OH 



MP-7:R 73 , R 76 : — CH 2 — NH— CO— C 2 H 5 ; R 7 ' 
NH— CO— (CH 2 ) 16 — CH 3 ; R 75 : — CH 2 — O- 



-CH^ 



MP-10: 
— CH 
R 75 :- 

MP-11: 



R 



-CH^ — O — CO — CH=CHo 



-O- 



R /0 : - 

-CO— (CH 2 ) 7 — CH=CH— (CH 2 ) 7 - 
— CH 2 — OH 
R 73 , R 76 : — CH, 



R 

-CH^ 



75. 



MP-12: R 73 , R 76 
(CH 2 ) 7 — CH 3 j R 
CH=CH — (CH 2 ) 7 — CH 
MP-13: R 73 , R 74 , R 75 

CO— CH=CH 2 
MP-14: R 73 , R 75 , R 76 : — CH 9 — NH— CO— CH=CH 



A 3? 

R 76 : 



,R 



74. 



15 
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25 



MP-8: R /3 , R /b : — CH 2 — NH— CO— C 2 H 5 ; R /4 : — CH 2 — 
NH— CO— (CH 2 ) 16 — CH 3 ; R 75 : — CH 2 — OH 

MP-9: R 73 , R 76 : -CH 2 -0-C0-CH=CH 2 ; R 74 : 
— CH 2 — O— CO— (CH 2 ) 7 — CH=CH— (CH 2 ) 7 — CH 3 ; 
R 75 : — CH,— O— CH^ 
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-CO— (CH 2 ) 7 — CH=CH— 
(CH 2 ) 7 — CH 3 ; R 74 : — CH 2 — NH— CO— (CH 2 ) 7 — 
CH=CH— (CH 2 ) 7 — CH 3 ; R~~ 



— CH 2 — O— CO— (CH 2 ) 7 — CH=CH— 
74 CH 2 — NH— CO— (CH 2 ) 7 — 
R 75 : — CH 2 — OH 
— CH 2 — O— (CH^— O— 



(Remark) 

Not defined R: Hydrogen 
Ph: Phenyl 

Two or more compounds having 1,3,5-triazine ring 
(including melamine compounds and melamine polymers) 
may be used in combination. 

The compound having 1,3,5-triazine ring is used prefer- 
ably in an amount of 0.01 to 20 wt. %, more preferably in 
an amount of 0.1 to 15 wt. %, and most preferably in an 
amount of 0.5 to 10 wt. % based on the amount of the 
discotic liquid crystal molecules. 

The coating amount of the compound having 1,3,5- 
triazine ring is preferably in the range of 1 to 1,000 mg/m 2 , 
more preferably in the range of 2 to 300 mg/m 2 , and most 
preferably in the range of 3 to 100 mg/m 2 . 

An optically anisotropic layer can be formed by coating 
an orientation layer with a liquid crystal composition 
(coating solution) containing the liquid crystal molecules, a 
polymerization initiator (described below) and optional 
additives (e.g., plasticizer, monomer, surface active agent, 
cellulose ester, 1,3,5-triazine compound, chiral agent). 
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A solvent for the composition preferably is an organic 
solvent. Examples of the organic solvents include amides 
(e.g., N,N-dimethylformamide), sulfoxides (e.g., 
dimethylsulfoxide), heterocyclic compounds (e.g., 
pyridine), hydrocarbons (e.g., benzene, hexane), alkyl 
halides (e.g., chloroform, dichloromethane), esters (e.g., 
methyl acetate, butyl acetate), ketones (e.g., acetone, methyl 
ethyl ketone) and ethers (e.g., tetrahydrofuran, 1,2- 
dimethoxyethane). Alkyl halides and ketones are preferred. 
Two or more organic solvents can be used in combination. 

The composition can be coated according to a conven- 
tional coating method such as a wire-bar coating method, an 
extrusion coating method, a direct gravure coating method, 
a reverse gravure coating method or a die coating method. 

The polymerization reaction can be classified into a 
thermal reaction with a thermal polymerization initiator and 
a photo reaction with a photo polymerization initiator. A 
photo polymerization reaction is preferred. 

Examples of the photo polymerization initiators include 
oc-carbonyl compounds (described in U.S. Pat. Nos. 2,367, 
661, 2,367,670), acyloin ethers (described in U.S. Pat. No. 
2,448,828), et-hydrocarbon substituted acyloin compounds 
(described in U.S. Pat. No. 2,722,512), poly cyclic quinone 
compounds (described in U.S. Pat. Nos. 2,951,758, 3,046, 
127), combinations of triarylimidazoles and p-aminophenyl 
ketones (described in U.S. Pat. No. 3,549,367), acridine or 
phenazine compounds (described in Japanese Patent Provi- 
sional Publication No. 60(1985)-105667 and U.S. Pat. No. 
4,239,850) and oxadiazole compounds (described in U.S. 
Pat. No. 4,212,970). 

The amount of the photo polymerization initiator is pref- 
erably in the range of 0.01 to 20 wt. %, and more preferably 
in the range of 0.5 to 5 wt. % based on the solid content of 
the coating solution. 

The light irradiation for the photo polymerization is 
preferably conducted with an ultraviolet ray. 

The exposure energy is preferably in the range of 20 to 
50,000 mJ per cm 2 , and more preferably in the range of 100 
to 800 mJ per cm 2 . The light irradiation can be conducted 
while the layer is heated to accelerate the photo polymer- 
ization reaction. 

The thickness of the optically anisotropic layer is prefer- 
ably in the range of 0.1 to 20 jum, more preferably in the 
range of 0.5 to 15 jum, and most preferably in the range of 
1 to 10 jum. 

[Optically Anisotropic Layer (Second Embodiment)] 

The optically anisotropic layer of the second embodiment 
is formed from rod-like liquid crystal molecules. The rod- 
like liquid crystal molecules are aligned under the condition 
that an average inclined angle between the long axis plane 
of the molecule and the surface of the transparent film is less 
than 5°. 

The retardation of the optical compensatory sheet as a 
whole is preferably adjusted by an optical anisotropy of the 
optically anisotropic layer. 

The total Re retardation value in plane of the optical 
compensatory sheet is preferably in the range of 20 to 200 
nm, more preferably in the range of 20 to 100 nm, and most 
preferably in the range of 20 to 70 nm. The total Rth 
retardation value along the thickness direction of the optical 
compensatory sheet is preferably in the range of 70 to 500 
nm, more preferably in the range of 70 to 300 nm, and most 
preferably in the range of 70 to 200 nm. 

The Re and Rth retardation values of the optical compen- 
satory sheet are defined by the following formulas: 

Re=(nx-ny)xd 

Rth=[{ (nx+ny)/2 }-nz\x d 
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in which each of nx and ny is a refractive index in the plane 
of the optical compensatory sheet; nz is a refractive index 
along the thickness direction of the optical compensatory 
sheet; and d is the thickness of the optical compensatory 
sheet. 

The optically anisotropic layer of the second embodiment 
(the first optically anisotropic layer) can be used in combi- 
nation with an optically uniaxial or biaxial transparent 
support to adjust the total retardation of the optical com- 
pensatory sheet. 

The second optically anisotropic layer may be provided in 
the optical compensatory sheet of the second embodiment. 
The Re retardation value in plane can be effectively adjusted 
by a combination of the first optically anisotropic layer and 
the second optically anisotropic layer. Further, the second 
optically anisotropic layer can be provided to control the 
wavelength distribution of retardation. The second optically 
anisotropic layer in the second embodiment is also prefer- 
ably formed from rod-like liquid crystal molecules, which 
are further preferably aligned in an average inclined angle of 
less than 5°. 

The optically anisotropic layer and the second optically 
anisotropic layer can be provided on the same side of the 
transparent stretched film. The optically anisotropic layer 
and the second optically anisotropic layer can also be 
provided on the different sides of the transparent stretched 
film. In other words, the optical compensatory sheet of the 
second embodiment can comprise the second optically 
anisotropic layer, the transparent stretched film and the 
optically anisotropic layer in this order. 

It is preferred that lines obtained by projecting the long 
axes of rod-like liquid crystal molecules in the optically 
anisotropic layer onto the transparent support be on average 
essentially perpendicular to lines obtained by projecting the 
long axes of rod-like liquid crystal molecules in the second 
optically anisotropic layer onto the transparent support. 
Further, the former lines can be crossed with the latter lines 
at an angle of 5° to 85° on average. 

It is also preferred that lines obtained by projecting the 
long axes of rod-like liquid crystal molecules in the optically 
anisotropic layer onto the transparent support (having an 
optically uniaxial birefringence or an optically biaxial 
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birefringence) be on average essentially parallel or perpen- 
dicular to the slow axis in plane of the support. 

The term "essentially parallel" or "essentially perpendicu- 
lar" in the present specification means an angle between 
noticed directions in the range of 0° (180°)±10° or 90°±10°, 
respectively. This angle allowance is preferably less than 
±8° more preferably less than ±6°, further preferably less 
than ±4°, furthermore preferably less than ±2°, and most 
preferably less than ±1°. 

The rod-like liquid crystal molecules used in the first and 
second optically anisotropic layers are preferably fixed with 
their alignment maintained. The alignment can be fixed by 
a binder polymer, but is preferably fixed by polymerization. 

The rod-like liquid crystal molecules can be oriented in 
cholesteric alignment. In the cholesteric alignment, the 
selective reflection region is preferably out of the visible 
region. 

Examples of the rod-like liquid crystal molecules include 
azomethines, azoxy molecules, cyanobiphenyls, cyanophe- 
nyl esters, benzoic esters, phenyl cyclohexanecarbonate 
esters, cycnophenylcyclohexanes, cyano-substituted 
phenylpyrimidines, alkoxy-substituted phenylpyrimidines, 
phenyldioxanes, tolans and alkeny Icy clone xylbenzonitriles. 
Further, some metal complexes can be used as the rod-like 
liquid crystal molecules. 

The rod-like liquid crystal molecules are described in 
"Kagaku-Sosetsu, Ekisho no Kageku" (written in Japanese), 
vol.22(1994), Chapters 4, 7 and 11; and "Ekisho Devise 
Handbook" (written in Japanese), chapter 3. 

The birefringent refractive index of the rod-like liquid 
crystal molecules is preferably in the range of 0.001 to 0.7. 
The rod-like liquid crystal molecules preferably have poly- 
merizable groups. Examples of the polymerizable groups are 
the same as those of the discotic liquid crystal molecules 

(Q)- 

The rod-like liquid crystal molecule preferably has a 
symmetrical structure about the short axis. Therefore, the 
molecule preferably has polymerizable groups at both ends 
of the long axis. 

Examples of the rod-like liquid crystal molecule are 
shown below. 



CH 2 = CH CO O C 7 H 14 — ^ ^ CO O ^ ^ CN 



H 2 C CH CO O C 7 H 14 — (' N > CO O (' x ) CN 



CH 2 =CH CO O C 7 H 14 — K V K V 



H 2 C^CH CO O C 7 H 14 — ^ > \ % > \ CN 



CH 2 =CH CO O C 7 H 14 — ( H 



(Nl) 



(N2) 



(N3) 



(N4) 



(N5) 
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-continued 



= CH CO O C7H14 — ^ H 



CH 2 : 



CH 2 =CH CO O C 7 H 14 ( II 



H ) CN 



II ) 0:11, ^ V CN 



CH 9 = CH CO O C S H 1 




CN 



« II;=< II CO O ( ,11..- { II ) ^ V C N 



H 2 =CH CO O C 7 H 14 — K V CO O ^ > 



C5H11 
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(N6) 



(N7) 



(N8) 



(N9) 



(N10) 



(Nil) 



NC 



H 2 C CH — CO — o — C 7 H 14 — <( y CO — o ^ y OC 5 H n 



(N12) 



NC CN 



CH 2 =CH- — -CO () ( -HhO > \ "\ ■( 5 1 1 1 1 



N=N 



H 2 C CH CO O C 7 H 14 — (' N ) (' N ) CN 



F F 



CH 2 = CH CO O C 7 Hi 




C 3 H 7 



CH 2 =CH CO O C 7 H 14 — V 7 N=N & ? O H 



= CH CO O C 7 H 14 0 ^ ^ CH=N ^ ^ 



(N13) 



(N14) 



(N15) 



(N16) 



(N17) 



(N18) 



(N19) 
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CH 2 



CH 2 



CH 

I 

CO 



O C 7 H 14 ^ — CH= CH CO O ^ OC 4 H 8 — O 



CH 

I 

CO 




( ii = ( i\ — ( x ) — ■()■ — ■( II ,- V ^ & ? oc 11 , -< > — ( < >• — c ll = <. II . 



A _/ \ 

H 2 C CH CO O C 7 H 14 (' 




// \_ A 

7 N > OC 3 H 6 -0 HC CH 2 



CH 2 =CH CO O C 7 H 14 ( H 




/ \_ A 

x > OC 3 H 6 — O HC CH 2 



CH 2 =CH CO O C -I I ! , ( H 




H >— OC 8 H 16 -0 CO CH=CH 2 



CH 

I 

CO 

I 

O C 7 H 14 - 




CH 2 

II 

CH 
I 

CO 

2 1 • i K 7 OC 4 H 8 -0 



CH 2 = CH CO O C 5 H 10 - 




OC 5 H 10 - O CO CH= CH 2 



A _J~\T^- A 

h 2 c — ch — co — o — c 7 h 14 — (' y ^ y oc 5 h 10 -o — CO — HC — CH 2 




CH 2 

II 

C CH 3 

I 

CO 

I 

O C 7 H 14 - 



/ Wo-/ \ 



OC 5 H 10 O 



CH 2 

II 

C CH 3 

I 

CO 

I 
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-continued 



(N47) 



pC 10 H 20 -O 



CH 2 




CO O 




The first and second optically anisotropic layers of the 
second embodiment can be formed by coating an orientation 
layer with a liquid crystal composition (coating solution) 
containing the liquid crystal molecules, a polymerization 
initiator (described below) and optional additives (e.g., 
plasticizer, monomer, surface active agent, cellulose ester, 
1,3,5-triazine compound, chiral agent). 

A solvent for the composition preferably is an organic 
solvent. Examples of the organic solvents include amides 
(e.g., N,N-dimethylformamide) sulfoxides (e.g., 
dimethylsulfoxide), heterocyclic compounds (e.g., 
pyridine), hydrocarbons (e.g., benzene, hexane), alkyl 
halides (e.g., chloroform, dichloromethane), esters (e.g., 
methyl acetate, butyl acetate), ketones (e.g., acetone, methyl 
ethyl ketone) and ethers (e.g., tetrahydrofuran, 1,2- 
dimethoxy ethane). Alkyl halides and ketones are preferred. 
Two or more organic solvents can be used in combination. 

The composition can be coated according to a conven- 
tional coating method such as a wire-bar coating method, an 
extrusion coating method, a direct gravure coating method, 
a reverse gravure coating method or a die coating method. 

The polymerization reaction can be classified into a 
thermal reaction with a thermal polymerization initiator and 
a photo reaction with a photo polymerization initiator. A 
photo polymerization reaction is preferred. 

Examples of the photo polymerization initiators include 
a-carbonyl compounds (described in U.S. Pat. Nos. 2,367, 
661, 2,367,670), acyloin ethers (described in U.S. Pat. No. 
2,448,828), a-hydrocarbon substituted acyloin compounds 
(described in U.S. Pat. No. 2,722,512), polycyclic quinone 
compounds (described in U.S. Pat. Nos. 2,951,758, 3,046, 
127), combinations of triarylimidazoles and p-aminophenyl 
ketones (described in U.S. Pat. No. 3,549,367), acridine or 
phenazine compounds (described in Japanese Patent Provi- 
sional Publication No. 60(1985)-105667 and U.S. Pat. No. 
4,239,850) and oxadiazole compounds (described in U.S. 
Pat. No. 4,212,970). 

The amount of the photo polymerization initiator is pref- 
erably in the range of 0.01 to 20 wt. %, and more preferably 
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in the range of 0.5 to 5 wt. % based on the solid content of 
the coating solution. 

The light irradiation for the photo polymerization is 
preferably conducted with an ultraviolet ray. 

The exposure energy is preferably in the range of 20 to 
50,000 mJ per cm 2 , and more preferably in the range of 100 
to 800 mJ per cm 2 . The light irradiation can be conducted 
while the layer is heated to accelerate the photo polymer- 
ization reaction. 

The thickness of the optically anisotropic layer (the 
thickness of each layer if two or more optical compensatory 
sheets are provided) is preferably in the range of 0.1 to 20 
jum, more preferably in the range of 0.5 to 15 jum, and most 
preferably in the range of 1 to 10 jum. 
[Ellipsoidal Polarizing Plate] 

The polarizing plate comprises two transparent protective 
films and a polarizing membrane provided between the 
films. As the polarizing membrane, various membranes are 
known. Examples of the polarizing membranes include an 
iodine polarizing membrane, a polyene polarizing mem- 
brane and a dichromatic dye polarizing membrane. The 
iodine polarizing membrane and the dye polarizing mem- 
brane are generally prepared from polyvinyl alcohol films. 
The polarizing axis of the membrane is perpendicular to the 
stretching direction of the film. 

The transparent axis in plane of the polarizing membrane 
is preferably essentially parallel or perpendicular to the slow 
axis of the transparent film. 

A transparent polymer film is used as the transparent 
protective film. The term "transparent" means that light 
transmittance is not less than 80%. 

A cellulose acetate film, preferably a triacetyl cellulose 
film, is generally used. The cellulose acetate film is prefer- 
ably formed according to the solvent casting method. 

The thickness of the protective film is preferably in the 
range of 20 to 500 jum, and more preferably in the range of 
50 to 200 jum. 

The ellipsoidal polarizing plate can be produced by lami- 
nating the optical compensatory sheet according to the 
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invention on one surface of the polarizing membrane, and 
then laminating the protective film on the other surface. In 
this case, the optical compensatory sheet is preferably lami- 
nated so that the transparent film in the sheet may be on the 
side of the polarizing membrane. 
[Liquid Crystal Display] 

The present invention can be applied for liquid crystal 
displays of various modes. Examples of the display modes 
include TN (twisted nematic) mode, IPS (in plane switching) 
mode, FLC (ferroelectric liquid crystal) mode, OCB 
(optically compensatory bend) mode, STN (super twisted 
nematic) mode, VA (vertically aligned) mode, ECB 
(electrically controlled birefringence) mode and HAN 
(hybrid aligned nematic) mode. Optical compensatory 
sheets for these modes are known. The optical compensatory 
sheet according to the invention is suitable for a liquid 
crystal display having a liquid crystal cell of VA mode, OCB 
mode or KAN mode, in which many rod-like liquid crystal 
molecules are vertically aligned. The optical compensatory 
sheet according to the invention is particularly suitable for 
VAmode in which most rod-like liquid crystal molecules are 
vertically aligned. 

The liquid crystal cell of VA mode include the following 
types: 

(1) a liquid crystal cell of VA mode in a narrow sense 
(described in Japanese Patent Provisional Publication No. 
2(1 9 90) -176 6 25), in which rod- like liquid crystal molecules 
are essentially vertically aligned while voltage is not 
applied, and the molecules are essentially horizontally 
aligned while voltage is applied; 

(2) a liquid crystal cell of MVA mode (described in 
SID97, Digest of tech. Papers, 28(1997), 845), in which the 
VA mode is modified to be multi-domain type so as to 
enlarge the viewing angle; 

(3) a liquid crystal cell of n-ASM mode (described in 
Nippon Ekisho Toronkai [Liquid crystal forum of Japan], 
Digest of tech. Papers (1998), 58-59), in which rod-like 
liquid crystal molecules are essentially vertically aligned 
while voltage is not applied, and the molecules are essen- 
tially oriented in twisted multi-domain alignment while 
voltage is applied; and 

(4) a liquid crystal cell of SURVAIVAL mode (published 
in LCD international 98). 

The methods for evaluating the films prepared in the 
following examples were described below. 

(1) Retardation 

The retardation values of Re and Rth of the prepared 
transparent film (optical compensatory sheet) were mea- 
sured at 550=n by means of an ellipsometer [M-150, 
JASCO]. For evaluating the fluctuation of lateral Re and 
Rth, the retardation values in plane were measured laterally 
at intervals of 30 nm. 

(2) Axial Difference (Angle Between the Slow Axis and 
the Stretching Axis) 

The angle between the slow axis and the stretching axis 
(axial difference) of prepared transparent film was measured 
in the following manner. First, the direction of the slow axis 
in the prepared film was measured by means of an automatic 
birefringence meter (KOBRA-21ADH, Oji-Keisoku kiki 
Co., Ltd.). Then, the difference between the thus-measured 
direction and the direction in which the film had been 
stretched was obtained. The measurement was repeated 
laterally at intervals of 30 mm, and the maximum value was 
noted. 

(3) Breaking Extension 

A sample having the length of 15 cm and the width of 1 
cm was cut along the stretching direction (the direction of 



15 



20 



25 



the largest stretching ratio where the film is biaxially 
stretched along the (MD) machine direction and the (TD) 
transverse direction). The sample was stretched in a machine 
at the chucking distance of 10 cm, the rate of 10 mm per 
minutes the temperature of 25° C. and the relative humidity 
of 60% to obtain the breaking extention. 

(4) Heat Shrinkage Starting Temperature 

A sample was cut from the film. The sample has the length 
of 35 mm along the stretching direction of the high stretch- 
ing ratio and the width of 3 mm along the direction of the 
low stretching ratio. The both ends along the lengthwise 
direction were chucked at the distance of 25 mm. The 
dimensional change of the sample was measured in a TMA 
machine (TMA2940, Thermomechanical Analyzer, TA 
instruments) by a force of 0.04 N while heating the sample 
from 30° C. to 200° C. at a rate of 3° C. per minute. The 
basic length was the length measured at 30° C. The heat 
shrinkage starting temperature was the temperature where 
500 jum shrinkage from the basic length was observed. 

EXAMPLE 1 & COMPARISON EXAMPLE 1 
(Preparation of Optical Compensatory Sheet) 

The following cellulose acetate solution (dope) was cast 
on a band to form a cellulose triacetate film. The acetic 
substitution degree described below was estimated from 
13 C-NMR spectrum according to Polymer Journal 17, 
1065-1069 (1985). 



30 



35 



Cellulose acetate solution 

Cellulose triacetate (acetic substitution degree: 2.8) 

Triphenyl phosphate 

Biphenyldiphenyl phosphate 

Tribenzylamine 

Methyl acetate 

Ethanol 

Butanol 

The following retardation increasing agent 

(Retardation increasing agent) 

HO 



118 weight parts 

9.19 weight parts 
4.60 weight parts 
2.36 weight parts 

530 weight parts 
99.4 weight parts 
33.1 weight parts 

1.20 weight parts 



45 



50 



55 



The formed film was longitudinally and uniaxially 
stretched under the conditions shown below. The amount of 
remaining solvent was measured in the following manner. 
First, about 1 g of the film was sampled and precisely 
weighed [X(g)]. After the sample was dried at 140° C. for 20 
minutes, the sample was precisely weighed again [Y(g)]. 
The value 100x(X-Y)/X was calculated to evaluate the 
amount of remaining solvent. 



Stretching conditions 


Example 1 


Comparison Ex. 1 


Remaining solvent 


30 wt. % 


3 wt. % 


Expanding ratio 


xl.20 


xl.20 


Temperature 


130° C. 


130° C. 


Temperature difference 


3° C. 


0° C. 


between center and 






side edges 






Stretching speed 


20%/minute 


300%/minute 



65 



Thus, a cellulose triacetate film (a transparent film) of 1.5 
m width and 120 jum thickness was prepared in each 
example. The prepared films exhibited the following char- 
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acters. The fluctuations of the optical characters (Re and 
Rth) were evaluated laterally, and the ranges of fluctuation 
were described below. 



5 



Characters 


Example 1 


C. Ex. 1 


Breaking extension (%) 


25 


3 


Re/average value (nm) 


25 


25 


fluctuation (nm) 


-2 to +3 


-9 to +10 


Rth/average value (nm) 


50 


60 


fluctuation (nm) 


-4 to +5 


-15 to +20 


Axial difference (°) 


1 


15 



10 



On one surface of the transparent film, cellulose diacetate 
was applied and dried to form an undercoating layer 15 
(orientation layer to be subjected to rubbing treatment) of 
0.5 jum thickness. 

Then, 90 weight parts of the following discotic liquid 
crystal compound (1), 10 weight parts of ethylene oxide 
denatured trimethlolpropanetriacrylate (V#360, Osaka 20 
Organic Chemicals Co., Ltd.), 0.6 weight part of melamine 
formaldehyde/acrylic acid copolymer (Aldrich), 3.0 weight 
parts of a photopolymerization initiator (Irgacure 907, Ciba- 
Geigy) and 1 weight part of a sensitizer (Kayacure DETX, 
Nippon Kayaku Co., Ltd.) were dissolved in methyl ethyl 25 
ketone to prepare a coating solution (solid content: 38 wt. 
%). 

Discotic liquid crystal compound (1) 




The coating solution was applied and dried on the under- 
coating layer. Immediately after the applied solution was 
heated at 130° C. for 2 minutes to align the discotic liquid 
crystal molecules, the solution was cooled to room tempera- 
ture and irradiated with ultraviolet light (500 mJ/cm 2 ) to 
polymerize the discotic liquid crystal molecules. Thus, the 
alignment of the discotic liquid crystal molecules was fixed 
to form an optically anisotropic layer of 1.7 jum thickness. 

The angle dependence of retardation of the optically 
anisotropic layer was measured by means of an ellipsometer 
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[M-150, JASCO]. The inclined angle and the Rth 
(retardation value along the thickness direction) of Example 
1 and Comparison Example 1 were found 0.2° and 88 nm 
(Example 1), or 1° and 100 nm (Comparison Example 1) 
respectively. 

On the other surface of each cellulose triacetate film, an 
optically uniaxial polycarbonate film was laminated with an 
adhesive to prepare an optical compensatory sheet. The 
optically uniaxial polycarbonate film had an optical axis in 
the plane. The retardation value in plane (Re) and the 
retardation value along the thickness direction (Rth) were 50 
nm and 20 nm, respectively. 

The total Re and Rth of each prepared optical compen- 
satory sheet were 50 nm and 100 nm (Example 1), or 80 nm 
and 200 nm (Comparison Example 1), respectively. 
(Preparation of Ellipsoidal Polarizing Plate) 

A polarizing membrane and a transparent protective film 
were overlaid in this order on the transparent film 
(polycarbonate film) side of the optical compensatory sheet 
prepared in Example 1, to prepare an ellipsoidal polarizing 
plate. The polarizing membrane was placed so that the slow 
axis of the transparent film might be parallel to the polar- 
izing axis of the membrane. 

In the same manner, another ellipsoidal polarizing plate 
with the optical compensatory sheet prepared in Comparison 
example 1 was prepared. 
(Preparation of Liquid Crystal Display) 

From a commercially available liquid crystal display of 
VA mode [LCD 5000], an ellipsoidal polarizing plate was 
peeled. In place of it, the above-prepared ellipsoidal polar- 
izing plate of Example 1 or Comparison Example 1 was 
laminated to prepare a liquid crystal display. Independently, 
another optical compensatory sheet having the transparent 
film of Example 1 was prepared in the above manner except 
that the discotic liquid crystal compound was not used, and 
then an ellipsoidal polarizing plate with the prepared com- 
pensatory sheet was produced and a liquid crystal display 
with the ellipsoidal polarizing plate was prepared. 

In the above procedure, each ellipsoidal polarizing plate 
was laminated in the form of a piece, which was formed by 
punching out the plate so that the side edge might remain in 
the piece. The size of the piece was determined according to 
that of the displaying screen. Each ellipsoidal polarizing 
plate was laminated so that the edge of the compensatory 
sheet might be placed at the edge of the display. (The 
ellipsoidal polarizing plate in each following Example was 
laminated on a liquid crystal display in the same manner.) 

With respect to each prepared display, the contrast data in 
all directions were measured. The viewing angle giving a 
contrast ratio of 20:1 was shown below. All the displays 
prepared in Example 1 gave good viewing angles both at the 
central part and at the edge part. 



Discotic liquid crystal Ex. 1 Ex. 1 C. Ex. 1 

position used not used used 



viewing angle/ center edge center edge center edge center edge 



up-downward 160° 160° 150° 150° 150° 130° 120° 120° 

right-leftward 160° 160° 150° 150° 150° 130° 120° 120° 



commercially available liquid crystal display of VA type 



US 6,6 

59 

EXAMPLE 2 

(Preparation of Optically Biaxial Transparent Support) 

The following cellulose acetate solution (dope) was cast 
on a band to form a cellulose triacetate film. The casting was 
performed according to the single-layered film-forming 
method or the multi-layered film-forming method described 
below. 



Cellulose acetate solution 



Cellulose acetate (acetic 


87 


weight 


parts 


substitution degree: 2.6) 








Triphenyl phosphate 


10 


weight 


parts 


Ultraviolet absorber (TM165, 


3 


weight 


parts 


Sumitomo Chemicals Co., Ltd) 








Methylene chloride 


510 


weight 


parts 


Methanol 


44 


weight 


parts 



(Film-Forming Process) 

(1) Single-Layered Film-Forming Method 

The dope was filtered through a filter paper (No. 244, 
Azumi Roshi Co., Ltd.) and a filter flannel, and sent to a 
pressure die by means of a quantitative gear pump. From the 
die, the dope was cast an a band of 6 m length. The 
temperature of the band was 0° C. 

(2) Multi-Layered Film-Forming Method 

A three-layered casting die was used. The above dope and 
a diluted dope containing the solvent more than the above 
dope by 10% were simultaneously cast onto a metal support 
from the center nozzle and the outer nozzles, respectively. 
The formed film was peeled off, and dried to obtain a 
three-layered cellulose triacetate film (thickness ratio 
between the inner layer and the outer layers is 8.1). The 
prepared three-layered film was spread on the band in the 
same manner as the above single-layered film-forming 
method. 

(3) Stretching 

The foamed film was stretched under the following con- 
ditions. 



Conditions 


Ex. 2-1 


Ex. 2-2 


C. Ex. 2 


Layer of film 


single 


multi 


multi 


Remaining solvent 


25 wt. % 


35 wt. % 


55 wt. % 


Expanding ratio 


xl.10 


xl.30 


xl.20 


Temperature 


120° C. 


140° C. 


130° C. 


Temperature difference 


5° C. 


1° C. 


0° C. 


between center 








and side edges 








Stretching speed 


10%/min. 


40%/min. 


300%/min. 



Thus, a cellulose triacetate film (a transparent film) of 1.0 
m width and 100 jum thickness was prepared in each 
example. The prepared films exhibited the following char- 
acters. 
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(Preparation of Optical Compensatory Sheet) 

The coating solution for optical compensatory sheet used 
in Example 1 was applied on each optically biaxial trans- 
parent film in the amount of 3 ml/m 2 , and dried. The applied 

5 solution was heated at 130° C. for 1 minute to align the 
discotic liquid crystal molecules, and irradiated with ultra- 
violet light to polymerize the discotic liquid crystal mol- 
ecules. Thus, the alignment of the discotic liquid crystal 
molecules was fixed. 

10 The angle dependence of retardation of the optically 
anisotropic layer was measured by means of an ellipsometer 
[M-150, JASCO]. The inclined angle of the discotic liquid 
crystal molecules of Example 2-1, Example 2-2 and com- 
parison Example 2 were all 0.10 at central part and 0.1°, 0.3° 

15 and 1° at the edge, respectively. 

The Re (retardation value in plane) of Example 2-1, 
Example 2-2 and comparison Example 2 were all 25 nm at 
central part and 20 nm, 30 nm and 40 nm at the edge, 
respectively. The Rth (retardation value along the thickness 

20 direction) of Example 2-1, Example 2-2 and comparison 
Example 2 were all 120 nm at central part and 120 nm, 130 
nm and 300 nm at the edge, respectively. 
(Preparation of Ellipsoidal Polarizing Plate) 

A polarizing membrane and a transparent protective film 

25 were overlaid in this order on the transparent film 
(polycarbonate film) side of each optical compensatory 
sheet, to prepare an ellipsoidal polarizing plate. The polar- 
izing membrane was placed so that the slow axis of the 
transparent film might be parallel to the polarizing axis of 

30 the membrane. 

(Preparation of Liquid Crystal Display) 

From a commercially available liquid crystal display of 
VA mode [LCD 5000), an ellipsoidal polarizing plate was 
peeled. In place of it, each above-prepared ellipsoidal polar- 

35 izing plate was laminated to prepare a liquid crystal display. 
Independently, another optical compensatory sheet having 
the transparent film of Example 2-1 or 2-2 was prepared in 
the above manner except that the discotic liquid crystal 
compound was not used, and then an ellipsoidal polarizing 

40 plate with the prepared compensatory sheet was produced 
and a liquid crystal display with the ellipsoidal polarizing 
plate was prepared. 

With respect to each prepared display, the contrast data in 
all directions were measured. The viewing angle giving a 

45 contrast ratio of 20:1 was shown below. 
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Discotic liquid 








crystal 


Ex. 2-1 


Ex. 2-2 


C. Ex. 2 


position 


used 


used 


used 


viewing angle/ 


center edge 


center edge 


center edge 


up -downward 


165° 165° 


160° 160° 


150° 120° 


right-leftward 


165° 165° 


160° 160° 


150° 120° 



Characters 


Ex. 2-1 


Ex. 2-2 


C. Ex. 2 


Breaking extension (%) 


21 


28 


38 


Re/ average value (nm) 


20 


30 


35 


fluctuation (nm) 


-2 to +2 


-3 to +3 


-9 to +10 


Rth/average value (nm) 


30 


20 


68 


fluctuation (nm) 


-2 to +3 


-4 to +6 


-20 to +18 


Axial difference (°) 


0 


2 


19 



gQ Discotic liquid 

crystal Ex. 2-1 Ex. 2-2 C. Ex. 2 

position used used used 

viewing angle/ center edge center edge center edge 

up-downward 160° 160° 160° 160° 135° 100° 

65 right-leftward 160° 160° 160° 160° 135° 100° 
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EXAMPLE 3 

(Preparation of Optically Biaxial Transparent Support) 

The following cellulose acetate solution (dope) was cast 
on a band to form a cellulose triacetate film. The casting was 
performed according to the single-layered film-forming 
method described below. 
(1) Dope 



Cellulose acetate solution (dope) 



Cellulose acetate (acetic 


85 weight parts 


substitution degree: 2.7) 




Triphenyl phosphate 


10 weight parts 


Ultraviolet absorber (TM165, 


5 weight parts 


Sumitomo Chemicals Co., Ltd) 




Methylene chloride 


510 weight parts 


Methanol 


44 weight parts 



(2) Film-Forming Process 

The dope was filtered through a filter paper (No. 244, 
Azumi Roshi Co., Ltd.) and a filter flannel, and sent to a 
pressure die by means of a quantitative gear pump. From the 
die, the dope was cast on a band of 6 m length. The 
temperature of the band was 0° C. 

(3) Stretching 

The formed film was stretched under the following con- 
ditions. 
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(Preparation of Ellipsoidal Polarizing Plate) 

A polarizing membrane and a transparent protective film 
were overlaid in this order on the transparent film 
5 (polycarbonate film) side of the optical compensatory sheet, 
to prepare an ellipsoidal polarizing plate. The polarizing 
membrane was placed so that the slow axis of the transparent 
film might be parallel to the polarizing axis of the mem- 
brane. 

(Preparation of Liquid Crystal Display) 

From a commercially available liquid crystal display of 
VA mode [LCD 5000], an ellipsoidal polarizing plate was 
peeled. In place of it, the above-prepared ellipsoidal polar- 

15 izing plate was laminated to prepare a liquid crystal display. 
Independently, another optical compensatory sheet having 
the transparent film was prepared in the above manner 
except that the discotic liquid crystal compound was not 

20 used, and then an ellipsoidal polarizing plate with the 
prepared compensatory sheet was produced and a liquid 
crystal display with the ellipsoidal polarizing plate was 
prepared. 

With respect to each prepared display, the contrast data in 
25 all directions were measured. 



Conditions 



Example 3 



Layer of film 
Remaining solvent 
Expanding ratio 
Temperature 
Temperature difference 
between center 
and side edges 
Stretching speed 



single 
25 wt. % 
xl.10 
120° C. 
5° C. 



10%/min. 



30 



35 





Example 3 






Discotic liquid 

crystal 

position 


used 


not used 




viewing angle/ 


center edge 


center 


edge 


up- downward 
right- leftward 


164° 163° 
161° 161° 


162° 
160° 


160° 
160° 



Thus, a cellulose triacetate film (a transparent film) of 1.0 
m width and 100 An thickness was prepared. The prepared 
film exhibited the following characters. 



Characters 


Example 3 


Breaking extension (%) 


15 


Re/average value (nm) 


70 


fluctuation (nm) 


-1 to +1 


Rth/average value (nm) 


100 


fluctuation (nm) 


-6 to +4 


Axial difference (°) 


4 



(Preparation of Optical Compensatory Sheet) 

The coating solution for optical compensatory sheet used 
in Example 1 was applied on the optically biaxial transpar- 
ent film in the amount of 6 ml/m% and dried. The applied 
solution was heated at 130° C. for 1 minute to align the 
discotic liquid crystal molecules, and irradiated with ultra- 
violet light to polymerize the discotic liquid crystal mol- 
ecules. Thus, the alignment of the discotic liquid crystal 
molecules was fixed. 

The angle dependence of retardation of the optically 
anisotropic layer was measured by means of an ellipsometer 
(M-150, JASCO]. The inclined angle of the discotic liquid 
crystal molecules was 0.5°. 

The Re (retardation value in plane) and the Rth 
(retardation value along the thickness direction) were 50 nm 
and 250 nm, respectively. 



40 EXAMPLE 4 

(Preparation of Optically Biaxial Transparent Support) 

The following cellulose acetate solution (dope) was cast 
on a band to form a cellulose triacetate film. The casting was 
45 performed according to the single -layered film -forming 
method described below. 

(1) Dope 

50 



Cellulose acetate solution (dope) 



55 



Cellulose acetate (acetic 


85 weight parts 


substitution degree: 2.9) 




Triphenyl phosphate 


10 weight parts 


Biphenyldiphenyl phosphate 


5 weight parts 


Methylene chloride 


510 weight parts 


Methanol 


44 weight parts 


The retardation increasing 


4.4 weight parts 


agent used in Example 1 





(2) Film-Forming Process 

The dope was filtered through a filter paper (No. 244, 
Azumi Roshi Co., Ltd.) and a filter flannel, and sent to a 
65 pressure die by means of a quantitative gear pump. From the 
die, the dope was cast on a band of 6 m length. The 
temperature of the band was 0° C. 
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(3) Stretching 

The formed film was stretched under the following con- 
ditions. 



Conditions 


Example 4 


Layer of film 


single 


Remaining solvent 


40 wt. % 


Expanding ratio 


xl.53 


Temperature 


140° C. 


Temperature difference 


8° C. 


between center 




and side edges 




Stretching speed 


70%/min. 


Thus, a cellulose triacetate film (a 


transparent film) of 1.0 


m width and 140 jum thickness was 


prepared. The prepared 


film exhibited the following characters. 


Characters 


Example 4 


Breaking extension (%) 


28 


Re/average value (nm) 


40 


fluctuation (nm) 


-4 to +5 


Rth/average value (nm) 


86 


fluctuation (nm) 


-7 to +7 


Axial difference 


2 



(Preparation of Optical Compensatory Sheet) 

On one surface of the transparent film, gelatin was applied 
to form an undercoating layer. An aqueous solution contain- 
ing the following denatured polyvinyl alcohol (2 wt. %) and 
glutaric aldehyde (0.1 wt. %) was applied on the undercoat- 
ing layer, and the applied solution was dried to form an 
orientation layer of 0.5 jum thickness. 

(Denatured polyvinyl alcohol) 
(CH 2 CH) 87 8 (CH 2 CH) 12 .o 

OH O 

I 

c=o 

I 

CH 3 

(CH 2 — CH) 0 . 2 



O 




0(CH 2 ) 4 OCOCH=CH 2 

Then, 90 weight parts of the discotic liquid crystal com- 
pound (1) used in Example 1, 10 weight parts of ethylene 
oxide denatured trimethlolpropanetriacrylate (V#360, Osaka 
Organic Chemicals Co., Ltd.), 0.6 weight part of melamine 
formaldehyde/acrylic acid copolymer (Aldrich), 3.0 weight 
parts of a photopolymerization initiator (Irgacure 907, Ciba- 
Geigy) and 1.0 weight part of a sensitizer (Kayacure DETX, 
Nippon Kayaku Co., Ltd.) were dissolved in 170 weight 
parts of methyl ethyl ketone to prepare a coating solution. 

The coating solution was applied and dried on the orien- 
tation layer. The applied solution was heated at 130° C. for 
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1 minute to align the discotic liquid crystal molecules, and 
then irradiated with ultraviolet light (500 mJ/cm 2 ) to poly- 
merize the discotic liquid crystal molecules. Thus, the align- 
ment of the discotic liquid crystal molecules was fixed to 

5 form an optically anisotropic layer of 1.2 gm thickness. 

The angle dependence of retardation of the optically 
anisotropic layer was measured by means of an ellipsometer 
[M-150, JASCO]. The inclined angle of the discotic liquid 
crystal molecules was 0.2°. 

10 The retardation values of Re and Rth were measured at 
550 nm by means of an ellipsometer [M-150, JASCO]. The 
values of Re and Rth were found 40 nm and 160 nm, 
respectively. 

(Preparation of Ellipsoidal Polarizing Plate) 
15 A polarizing membrane and a transparent protective film 
were overlaid in this order on the transparent film 
(polycarbonate film) side of the optical compensatory sheet, 
to prepare an ellipsoidal polarizing plate. The polarizing 
membrane was placed so that the slow axis of the transparent 
20 film night be parallel to the polarizing axis of the membrane. 
(Preparation of Liquid Crystal Display) 

From a commercially available liquid crystal display of 
MVAmode [VL-1530S, Fujitsu Ltd.], a polarizing plate was 
peeled. In place of it, the above-prepared ellipsoidal polar- 
25 izing plate was laminated. 

With respect to the prepared display, the viewing angle 
giving a contrast ratio of 10:1 without image inversion was 
measured. The results are set forth in Table 1. 

EXAMPLE 5 

30 (Preparation of Optically Biaxial Transparent Support) 

In 70 weight parts of methylene chloride, 30 weight parts 

of norbornene resin (Artone, JSR Co., Ltd.) was dissolved. 

The solution was cast on a band, and dried to form a 

norbornene film. The film was longitudinally stretched, and 
35 then laterally stretched under the following conditions to 

prepare an optically biaxial transparent film. 



45 



Conditions Ex 


ample 5 


Stretching longitudinally 


laterally 


Remaining solvent 38 wt. % 


8 wt. % 


Expanding ratio xl.15 


xl.07 


Temperature 140° C. 


148° C. 


Temperature difference 2° C. 


9° C. 


between center 




and side edges 




Stretching speed 100%/min. 


20%/min. 


Thus, a norbornene film (a transparent film) of 1.5 m 


width and 100 jum thickness was prepared. The prepared film 


exhibited the following characters. 




Characters 


Example 5 


Breaking extension (%) 


26 


Re/average value (nm) 


40 


fluctuation (nm) 


-4 to +4 


Rth/average value (nm) 


46 


fluctuation (nm) 


-5 to +4 


Axial difference (°) 


1 



(Preparation of Optical Compensatory Sheet) 

One surface of the transparent support was subjected to 
65 the corona discharge treatment. On the treated surface, an 
aqueous solution containing the denatured polyvinyl alcohol 
used in Example 4 (2 wt. %) and glutaric aldehyde (0.1 wt. 
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%) was applied. The applied solution was dried to form an 
orientation layer of 0.5 jum thickness. 

Then, 90 weight parts of the discotic liquid crystal com- 
pound (1) used in Example 1, 10 weight parts of ethylene 
oxide denatured trimethlolpropanetriacrylate (V#360, Osaka 5 
Organic Chemicals Co., Ltd.), 0.6 weight part of melamine 
formaldehyde/acrylic acid copolymer (Aldrich), 3.0 weight 
parts of a photopolymerization initiator (Irgacure 907, Ciba- 
Geigy) and 1.0 weight part of a sensitizer (Kayacure DETX, 1Q 
Nippon Kayaku Co., Ltd.) were dissolved in 170 weight 
parts of methyl ethyl ketone to prepare a coating solution. 

The coating solution was applied and dried on the orien- 
tation layer. The applied solution was heated at 130° C. for 
1 minute to align the discotic liquid crystal molecules, and 15 
then irradiated with ultraviolet light to polymerize the dis- 
cotic liquid crystal molecules. Thus, the alignment of the 
discotic liquid crystal molecules was fixed to form an 
optically anisotropic layer of 1.4 jum thickness. 

The angle dependence of retardation of the optically 20 
anisotropic layer was measured by means of an ellipsometer 
[M-150, JASCO]. The inclined angle of the discotic liquid 
crystal molecules was all 0.3°. 

The retardation values of Re and Rth were measured at 25 
550 n=by means of an ellipsometer [M-150, JASCO]. The 
values of Re and Rth were found 30 nm and 120 nm, 
respectively. 

(Preparation of Ellipsoidal Polarizing Plate) 

A polarizing membrane and a transparent protective film 30 
were overlaid in this order on the transparent support side of 
the optical compensatory sheet, to prepare a ellipsoidal 
polarizing plate. 

The polarizing membrane was placed so that the slow axis 
of the support might be parallel to the polarizing axis of the 35 
membrane. 

(Preparation of Liquid Crystal Display) 

From a commercially available liquid crystal display of 
MVAmode [VL-1530S, Fujitsu Ltd.], a polarizing plate was 4Q 
peeled. In place of it, the above-prepared ellipsoidal polar- 
izing plate was laminated. 

With respect to the prepared display, the viewing angle 
giving a contrast ratio of 10:1 without image inversion was 
measured. The results are set forth in Table 1. 45 

EXAMPLE 6 

(Preparation of Optically Biaxial Transparent Support) 

A commercially available polycarbonate film (Teijin 
Limited) was longitudinally stretched, and then laterally 50 
stretched under the following conditions to prepare an 
optically biaxial transparent film. 



Conditions 


Example 


6 


Stretching 


longitudinally 


laterally 


Expanding ratio 


xl.4 


xl.15 


Temperature 


145° C. 


148° C. 


Temperature difference 


3° C. 


6° C. 


between center 






and side edge 






Stretching speed 


90%/min. 


20%/min. 



Thus, a polycarbonate film (a transparent film) of 1.5 m 65 
width and 100 jum thickness was prepared. The prepared film 
exhibited the following characters. 
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Characters 


Example 6 


Breaking extension (%) 


12 


Re/average value (nm) 


120 


fluctuation (nm) 


-5 to +5 


Rth/average value (nm) 


190 


fluctuation (nm) 


-9 to +10 


Axial difference (°) 


2 



(Preparation of Optical Compensatory Sheet) 

One surface of the transparent support was subjected to 
the corona discharge treatment. On the treated surface, an 
aqueous solution containing the denatured polyvinyl alcohol 
used it Example 4 (2 wt. %) and glutaric aldehyde (0.1 wt. 
%) was applied. The applied solution was dried to form an 
orientation layer of 0.5 jum thickness. 

Then, 90 weight parts of the discotic liquid crystal com- 
pound (1) used in Example 1, 10 weight parts of ethylene 
oxide denatured trimethlolpropanetriacrylate (V#360, Osaka 
Organic Chemicals Co., Ltd.), 0.6 weight part of melamine 
formaldehyde/acrylic acid copolymer (Aldrich), 3.0 weight 
parts of a photopolymerization initiator (Irgacure 907, Ciba- 
Geigy) and 1.0 weight part of a sensitizer (Kayacure DETX, 
Nippon Kayaku Co., Ltd.) were dissolved in 170 weight 
parts of methyl ethyl ketone to prepare a coating solution. 

The coating solution was applied and dried on the orien- 
tation layer. The applied solution was heated at 130° C. for 
1 minute to align the discotic liquid crystal molecules, and 
then irradiated with ultraviolet light to polymerize the dis- 
cotic liquid crystal molecules, Thus, the alignment of the 
discotic liquid crystal molecules was fixed to form an 
optically anisotropic layer of 3.5 jum thickness. 

The angle dependence of retardation of the optically 
anisotropic layer was measured by means of an ellipsometer 
[M-150, JASCO]. The inclined angle of the discotic liquid 
crystal molecules was 0.10. 

The retardation values of Re and Rth were measured at 
633 nm by means of an ellipsometer [M-150, JASCO]. The 
values of Re and Rth were found 200 nm and 300 nm, 
respectively. 

(Preparation of Ellipsoidal Polarizing Plate) 

A polarizing membrane and a transparent protective film 
were overlaid in this order on the transparent support side of 
the optical compensatory sheet, to prepare a ellipsoidal 
polarizing plate. 

The polarizing membrane was placed so that the slow axis 
of the support might be parallel to the polarizing axis of the 
membrane. 

(Preparation of Liquid Crystal Display) 

From a commercially available liquid crystal display of 
MVAmode [VL-1530S, Fujitsu Ltd.], a polarizing plate was 
peeled. In place of it, the above-prepared ellipsoidal polar- 
izing plate was laminated. 

With respect to the prepared display, the viewing angle 
giving a contrast ratio of 10:1 without image inversion was 
measured. The results are set forth in Table 1. 

COMPARISON EXAMPLE 2 
(Preparation of Optically Isotropic Transparent Support) 

A commercially available cellulose triacetate film 
(TD80UF, Fuji Photo Film Co., Ltd.) of 1.3 m width and 80 
mm thickness was used as a transparent film. 

The retardation values of Rth and Re of the support were 
measured at 633 nm by means of an ellipsometer [M-150, 
JASCO]. The values of Rth and Re were found 40 nm and 
3 nm, respectively. This meant that the film was essentially 
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isotropic. The fluctuations of Re and Rth were -1 to +1 nm 

and -5 to +5 nm, respectively. 

(Preparation of Optical Compensatory Sheet) 

On one surface of the transparent support, gelatin was 
applied to form an undercoating layer. On the undercoating 
layer, an aqueous solution containing the denatured polyvi- 
nyl alcohol used in Example 4 (2 wt. %) and glutaric 
aldehyde (0.1 wt. %) was applied. The applied solution was 
dried to form an orientation layer of 0.5 jum thickness. 

Then, 90 weight parts of the discotic liquid crystal com- 
pound (1) used in Example 1, 10 weight parts of ethylene 
oxide denatured trimethlolpropanetriacrylate (V#360, Osaka 
Organic Chemicals Co., Ltd.), 0.6 weight part of melamine 
formaldehyde/acrylic acid copolymer (Aldrich), 3.0 weight 
parts of a photopolymerization initiator (Irgacure 907, Ciba- 
Geigy) and 1.0 weight part of a sensitizer (Kayacure DETX, 
Nippon Kayaku Co., Ltd.) were dissolved in 170 weight 
parts of methyl ethyl ketone to prepare a coating solution. 

The coating solution was applied and dried on the orien- 
tation layer. The applied solution was heated at 130° C. for 
1 minute to align the discotic liquid crystal molecules, and 
then irradiated with ultraviolet light to polymerize the dis- 
cotic liquid crystal molecules. Thus, the alignment of the 
discotic liquid crystal molecules was fixed to form an 
optically anisotropic layer of 2.0 jum thickness. 

The angle dependence of retardation of the optically 
anisotropic layer was measured by means of an ellipsometer 
[M-150, JASCO]. The inclined angle of the discotic liquid 
crystal molecules was 0.1°. 

The retardation values of Re and Rth were measured at 
550 nm by means of an ellipsometer [M-150, JASCO]. The 
values of Re and Rth were found 3 m and 240 nm, respec- 
tively. 

(Preparation of Ellipsoidal Polarizing Plate) 

A polarizing membrane and a transparent protective film 
were overlaid in this order on the transparent support side of 
the optical compensatory sheet, to prepare a ellipsoidal 
polarizing plate. 

The polarizing membrane was placed so that the slow axis 
of the support might be parallel to the polarizing axis of the 
membrane. 

(Preparation of Liquid Crystal Display) 

From a commercially available liquid crystal display of 
MVAmode [VL-1530S, Fujitsu Ltd.], a polarizing plate was 
peeled. In place of it, the above-prepared ellipsoidal polar- 
izing plate was laminated. 

With respect to the prepared display, the viewing angle 
giving a contrast ratio of 10:1 without image inversion was 
measured. The results are set forth in Table 1. 

REFERENCE EXAMPLE 1 

With respect to a commercially available liquid crystal 
display of MVAmode [VL-1530S, Fujitsu Ltd.], the viewing 
angle giving a contrast ratio of 10:1 without image inversion 
was measured. The results are set forth in Table 1. 
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TABLE 1-continued 





retardation of 






compensatory sheet 


viewing angle 




Re Rth 


(1) 


C. Ex. 2 (C) 


3 nm 240 nm 


80° 


(E) 


5 nm 230 nm 


70° 


R. Ex. 1 (C) 


without compensatory sheet 


80° 


(E) 


without compensatory sheet 


80° 



Remarks: 

(1) upward-downward-rightward-leftward 
(C) central part 
(E) side edge 



15 



EXAMPLE 7 & COMPARISON EXAMPLE 3 
(Preparation of Optically Biaxial Transparent Film) 

In 232.755 weight parts of methylene chloride, 42.57 
weight parts of methanol and 8.50 weight parts of n-butanol, 
45 weight parts of cellulose triacetate having an average 
acetic acid content of 60.9% (substitution degree: 2.7, which 
was measured by 13C-NMR spectrum according to Polymer 
Journal 17. 1065-1069(1985)), 2.35 weight parts of the 
retardation increasing agent used in Example 1, 2.75 weight 
parts of triphenyl phosphate and 2.20 weight parts of biphe- 
nyl diphenyl phosphate were dissolved. The obtained solu- 
tion was cast in a drum casting machine to prepare a 
cellulose acetate film. 

The formed film was longitudinally and uniaxially 
stretched under the conditions shown below. The amount of 
remaining solvent was measured in the following manner. 
First, about 19 of the film was sampled and precisely 
weighed [X(g)]. After the sample was dried at 140° C. for 20 
minutes, the sample was precisely weighed again [Y(g)]. 
The value 100x(X-Y)/X was calculated to evaluate the 
amount of remaining solvent. 



Stretching conditions 


Example 7 


Comparison Ex. 3 


Remaining solvent 


30 wt. % 


3 wt. % 


Preheat temperature 


100° c. 


No preheat 


Preheat time 


60 seconds 


No preheat 


Stretching ratio 


xl.20 


xl.20 


Stretching temperature 


130° C. 


130° C. 


Stretching speed 


20%/minute 


300%/minute 



55 



Each of the prepared cellulose triacetate films (a trans- 
parent film) had a thickness of 105 jum and a width of 1.5 m. 
The prepared films were evaluated to determne the follow- 
ing characters. The fluctuations of the optical characters (Re 
and Rth) were evaluated laterally, and the ranges of fluc- 
tuation were described below. 



TABLE 1 



retardation of 
compensatory sheet viewing angle 

Re Rth (1) 

Ex. 4 (C) 40 nm 160 nm 80° 

(E) 41 nm 162 nm 81° 

Ex. 5 (C) 30 nm 120 nm 81° 

(E) 31 nm 122 nm 82° 

Ex. 6 (C) 200 nm 300 nm 80° 

(E) 210 nm 290 nm 81° 



Characters 


Example 7 


Comparison Ex. 3 


Breaking extension (%) 


25 


3 


Heat shrinkage starting 


150 


No shrink 


temperature (° C.) 




(expand) 


Re/ average value (nm) 


41 


25 


fluctuation (nm) 


-2 to +2 


-8 to +10 


Rth/average value (nm) 


83 


60 


fluctuation (nm) 


-6 to +5 


-14 to +18 


Axial difference (°) 


1 


15 



US 6,657 

69 

(Preparation of Optical Compensatory Sheet) 

One surface of the transparent film was subjected to a 
corona discharge treatment. 

On the treated surface, 2 wt. % solution of a denatured 5 
polyimide (Nissan Chemical Co., Ltd.) was coated and dried 
to form an orientation layer having a thickness of 0.5 jum. 
The surface of the orientation layer was subjected to a 
rubbing treatment. 

In 80 weight parts of tetrachloroethane, 20 weight parts of 10 
an acrylic thermotropic liquid crystal was dissolved to 
prepare a coating solution. 

The solution was coated on the orientation layer, and dried 
at 160° C. for 5 minutes. The layer was cooled to the room 
temperature to fix the alignment of the liquid crystal mol- 15 
ecules. The formed (first) optical anisotropic layer had a 
thickness of 1.5 jum in each of Example 7 and Comparison 
Example 3. 

The average inclined angle between the long axis of the 2 o 
rod-like liquid crystal molecule and the transparent film 
surface was 1° in Example 7 or 7° in Comparison Example 
3. 

The retardation values of the optical compensatory sheets 
were measured using an ellipsometer (M-150, JASCO) at 25 
the wavelength of 633 nm. The Re retardation value in plane 
of the optical compensatory sheet of Example 7 was 40 nm, 
and the Rth retardation value along the thickness direction 
was 240 nm. The Re retardation value in plane of the optical ^ 
compensatory sheet of Comparison Example 3 was 10 nm, 
and the Rth retardation value along the thickness direction 
was 400 nm. 

(Preparation of Ellipsoidal Polarizing Plate) 

An ellipsoidal polarizing plate was prepared by laminat- 35 
ing a polarizing membrane and a transparent protective film 
on the transparent film of the optical compensatory sheet. 
The slow axis of the transparent film was parallel to the 
polarizing axis of the polarizing membrane. 
(Preparation of Liquid Crystal Display) 40 

A polarizing plate was removed from a commercially 
available liquid crystal display of MVA mode (VL-1530S, 
Fujitsu Ltd.). The above -prepared polarizing plate was cut 
into a piece according to the size of the removed polarizing 45 
plate. The cut piece was placed in the liquid crystal display 
in place of the removed polarizing plate. Further, a sample 
prepared in the same manner as in Example 7, except that the 
rod-like liquid crystal was not coated. 

The viewing angle giving a contrast ratio of 10:1 without 50 
reversing image was measured with respect to the prepared 
MVA liquid crystal display. The results are shown below. 
The viewing angle can be improved according to the present 
invention. The viewing angle was the average of the angles 
along the polarizing axis of the polarizing plate and the angle 55 
along the direction perpendicular to the polarizing axis. The 
oblique viewing angle was also measured as the average of 
the angles along the direction of 45° from the polarizing axis 
of the polarizing plate and the angles along the direction of 
135° from the polarizing axis. 60 

The liquid crystal display was left in a thermostat of 80° 
C. for 12 hours. The light leaks like spots or frame were 
observed. The light leaks like spots were evaluated by 
counting the number of spots like stars in a black image. The 
light leaks like frame were evaluated by measuring the width 65 
of the white frame where a whole black image was dis- 
played. 
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Characteristics of liquid crystal display 


Liquid crystal 






Comp. 


Commercially 


Display 


Example 7 


Example 3 


available 


Liquid crystal 


Coated 


None 


Coated 


None 


Viewing angle 


85° 


80° 


80° 


80° 


(oblique) 


80° 


80° 


65° 


60° 


Frame (width) 


0 mm 


0 mm 


16 mm 


22 mm 


Spots (number) 


0 


0 


4 


5 



EXAMPLE 8 
(Preparation of Optically Biaxial Transparent Film) 

In 70 weight parts of methylene chloride, 30 weight parts 
of norbornene resin (Artone, JSR Co., Ltd.) was dissolved. 
The solution was cast in a band casting machine to form a 
norbornene film. The film was longitudinally stretched, and 
then laterally stretched under the following conditions to 
prepare an optically biaxial transparent film. 



Stretching conditions 


Example 


8 


Stretching 


Longitudinally 


Laterally 


Remaining solvent 


45 wt.% 


8 wt.% 


Expanding ratio 


xl.15 


xl.10 


Preheat temperature 


150° C. 


80° C. 


Preheat temperature 


18 seconds 


154 seconds 


Stretching temperature 


140° C. 


148° C. 


Stretching speed 


100%/minutes 


20%/minutes 



A norbornene film (a transparent film) having a thickness 
of 100 jum thickness was prepared. The prepared film 
exhibited the following characters. 



Characters 


Example 8 


Breaking extension (%) 


11 


Heat shrinkage starting temperature (° C.) 


160 


Re/average value (nm) 


59 


fluctuation (nm) 


-2 to +3 


Rth/average value (nm) 


63 


fluctuation (nm) 


-5 to +4 


Axial difference (°) 


3 



(Preparation of Optical Compensatory Sheet) 

One surface of the transparent support was subjected to 
the corona discharge treatment. An aqueous solution con- 
taining 2 wt. % of the denatured polyvinyl alcohol used in 
Example 4 and 0.1 wt. % of glutaric aldehyde was coated on 
the treated surface, and dried form an orientation layer 
having a thickness of 0.5 jum. 

In 70 weight parts of methylene chloride, 30 weight parts 
of the rod-like liquid crystal molecules (N31) were dissolved 
to prepare a coating solution. 

The solution was coated on the orientation layer and 
dried. The formed layer was heated at 130° C. for 1 minute 
to align the rod-like liquid crystal molecules. The layer was 
irradiated with ultraviolet light to polymerize the rod-like 
liquid crystal molecules to fix the alignment. The formed 
(first) optically anisotropic layer has a thickness of 1.0 jum. 

The average inclined angle between the ling axis of the 
rod-like liquid crystal molecule and the transparent film 
surface was 4°. 

The retardation values of the optical compensatory sheets 
were measured using an ellipsometer (M-150, JASCO) at 
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the wavelength of 633 nm. The Re retardation value in plane 
of the optical compensatory sheet was 36 nm, and the Rth 
retardation value along the thickness direction was 122 nm. 
(Preparation of Ellipsoidal Polarizing Plate) 

An ellipsoidal polarizing plate was prepared by laminat- 
ing a polarizing membrane and a transparent protective film 
on the transparent film of the optical compensatory sheet. 

The slow axis of the transparent film was parallel to the 
polarizing axis of the polarizing membrane. 
(Preparation of Liquid Crystal Display) 

A polarizing plate was removed from a commercially 
available liquid crystal display of MVA mode (VL-1530S, 
Fujitsu Ltd.). The above -prepared polarizing plate was cut 
into a piece according to the size of the removed polarizing 
plate. The cut piece was placed in the liquid crystal display 
in place of the removed polarizing plate. Further, a sample 
prepared in the same manner as is described above, except 
that the rod-like liquid crystal was not coated. 

The viewing angle giving a contrast ratio of 10:1 without 
reversing image was measured with respect to the prepared 
MVA liquid crystal display. The results are shown below. 



Characteristics of liquid crystal display 
Liquid crystal Display Example 8 



Rod- like liquid crystal 


Coated 


None 


Viewing angle 


80° 


78° 


Oblique viewing angle 


77° 


75° 


Frame (width) 


0 mm 


0 mm 


Spots (number) 


0 


0 



Cellulose acetate (acetic substitution degrees: 2.8) 


45 


weight 


parts 


Triphenyl phosphate 


2.75 


weight 


parts 


Biphenyl diphenyl phosphate 


2.20 


weight 


parts 


Ultraviolet absorbing agent 


1.5 


weight 


part 


(TM165, Sumitomo Chemicals Co., Ltd) 








Methylene chloride 


233 


weight 


parts 


Methanol 


43 


weight 


parts 


n-Butanol 


8.50 


weight 


parts 



(Stretch of Films) 

The formed film was stretched under the following con- 
ditions. 
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EXAMPLE 9 
(Preparation of Transparent Film) 

A dope of the following composition was prepared and 35 
cast on a band according to a single layered casting method 
or a multi-layered casting method to form cellulose triac- 
etate films. 



Composition of dope 



45 



50 

(Formation of Film According to Single Layered Method) 
The dope was filtered through a paper filter (No. 244, 
Azumi Roshi Co., Ltd.) and a flannel filter, and sent to a 
pressure die by means of a quantitative gear pump. From the 
die, the dope was cast on a band of 6 m length. The 55 
temperature of the band was 0° C. 

(Formation of Film According to Multi-Layered Method) 

A three -layered casting die was used. The above dope and 
a diluted dope containing the solvent more than the above 
dope by 10% were simultaneously cast onto a metal support 60 
from the center nozzle and the outer nozzles, respectively. 
The formed film was peeled off, and dried to obtain a 
three-layered cellulose triacetate film (thickness ratio 
between the inner layer and the outer layers is 8:1). The 
prepared three-layered film was spread on the band in the 65 
same manner as the above single layered film forming 
method. 



Conditions 


Example 9-1 


Example 9-2 


Film forming method 


Single layered 


Multi-layered 


Remaining solvent 


35 wt. % 


20 wt. % 


Preheat temperature 


90° C. 


110° C. 


Preheat time 


55 seconds 


90 seconds 


Stretching ratio 


xl.53 


xl.30 


Stretching temperature 


120° C. 


140° C. 


Stretching speed 


10%/minutes 


40%/minutes 



Each of the prepared cellulose triacetate films (transparent 
films) has a width of 1 m and a thickness of 100 jum was 
prepared. The prepared films have the following characters. 
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Characters of films 


Example 9-1 


Example 9-2 


Film forming method 


Single layered 


Multi-layered 


Breaking extension (%) 


15 


20 


Heat shrinkage starting temperature 


140 


160 


(° c.) 






Re/average value (nm) 


13 


25 


fluctuation (nm) 


-3 to +3 


-2 to +2 


Rth/average value (nm) 


40 


60 


fluctuation (nm) 


-4 to +5 


-6 to +7 


Axial difference (°) 


4 


0 



(Preparation of Optical Compensatory Sheet) 

Gelatin undercoating layers were coated on the both sides 
of the transparent film. 

An aqueous solution containing 2 wt. % of denatured 
polyvinyl alcohol used in Example 8 and 0.1 wt. % of 
gluraric aldehyde was coated on each of the gelatin under- 
coating layers, and dried to form orientation layers having a 
thickness of 0.5 jum. one of the orientation layers was 
subjected to a rubbing treatment. 

In 70 weight parts of methylene chloride, 30 weight parts 
of the rod-like liquid crystal molecules (N31) were dissolved 
to prepare a coating solution. 

The solution was coated on the orientation layer subjected 
to the rubbing treatment, and dried. The formed layer was 
heated at 130° C. for 1 minute to align the rod-like liquid 
crystal molecules. The layer was irradiated with ultraviolet 
light to polymerize the rod-like liquid crystal molecules to 
fix the alignment. The formed first optically anisotropic 
layer has a thickness of 1.2 jum. 

The average inclined angle between the ling axis of the 
rod-like liquid crystal molecule in the first optically aniso- 
tropic layer and the transparent film surface was 2°. 

The other orientation layer was subjected to the rubbing 
treatment. The direction of the rubbing treatment was per- 
pendicular to the rubbing direction of the previous treat- 
ment. 

In 70 weight parts of methylene chloride, 30 weight parts 
of the rod-like liquid crystal molecules (N40) were dissolved 
to prepare a coating solution. 

The solution was coated on the orientation layer, and 
dried. The formed layer was heated at 130° C. for 1 minute 
to align the rod-like liquid crystal molecules. The layer was 
irradiated with ultraviolet light to polymerize the rod-like 
liquid crystal molecules to fix the alignment. The formed 
second optically anisotropic layer has a thickness of 2.0 jum. 

The average inclined angle between the ling axis of the 
rod-like liquid crystal molecule in the second optically 
anisotropic layer and the transparent film surface was 1°. 
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Characteristics of liquid crystal display 



Liquid crystal Display 
Film forming method 



Example 9-1 
Single layered 



Example 9-2 
Multi- layered 



Rod-like liquid crystal 


Coated 


None 


Coated 


None 


Viewing angle 


80° 


78° 


83° 


81° 


Oblique viewing angle 


77° 


75° 


80° 


80° 


Frame (width) 


0 mm 


0 mm 


0 mm 


0 mm 


Spots (number) 


0 


0 


0 


0 
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The retardation values of the optical compensatory sheets 
were measured using an ellipsometer (M-150, J AS CO) at 
the wavelength of 633 nm. The Re retardation value in plane 
of the optical compensatory sheet prepared according to the 
single layered method was 60 nm, and the Rth retardation 5 
value along the thickness direction was 140 nm. The Re 
retardation value in plane of the optical compensatory sheet 
prepared according to the multi-layered method was 70 nm, 
and the Rth retardation value along the thickness direction 
was 140 nm. 

(Preparation of Ellipsoidal Polarizing Plate) 

An ellipsoidal polarizing plate was prepared by laminat- 
ing a polarizing membrane and a transparent protective film 
on the transparent film of the optical compensatory sheet. 

The slow axis of the transparent film was parallel to the 
polarizing axis of the polarizing membrane. 
(Preparation of Liquid Crystal Display) 

A polarizing plate was removed from a commercially 
available liquid crystal display of MVA mode (VL-1530S, 
Fujitsu Ltd.). Each of the above-prepared polarizing plates 
was cut into a piece according to the size of the removed 20 
polarizing plate. The cut piece was placed in the liquid 
crystal display in place of the removed polarizing plate. 
Further, samples were prepared in the same manner as is 
described above, except that the rod-like liquid crystal was 
not coated. 

The viewing angle giving a contrast ratio of 10:1 without 
reversing image was measured with respect to the prepared 
MVA liquid crystal display. The results are shown below. 

30 
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I claim: 

1. An optical compensatory sheet comprising an optically 
uniaxial or optically biaxial transparent stretched film, 
wherein a Re retardation value in plane of the transparent 45 
stretched film measured at 550 nm fluctuates, in any direc- 
tion parallel to the transparent stretched film surface, within 
the range of ±5 nm based on an average Re value in each 
direction, and a Rth retardation value along the thickness 
direction of the transparent stretched film fluctuates, in any 5Q 
direction parallel to the transparent stretched film surface, 
within the range of ±10 nm based on an average Rth value 

in each direction. 

2. An optical compensatory sheet comprising an optically 
uniaxial or optically biaxial transparent stretched film and an 55 
optically anisotropic layer formed from discotic liquid crys- 
tal molecules, wherein a Re retardation value in plane of the 
transparent stretched film measured at 550 nm fluctuates, in 
any direction parallel to the transparent stretched film 
surface, within the range of ±5 run based on an average Re 6Q 
value in each direction, a Rth retardation value along the 
thickness direction of the transparent stretched film 
fluctuates, in any direction parallel to the transparent 
stretched film surface, within the range of ±10 nm based on 

an average Rth value in each direction, and the discotic 
liquid crystal molecules are so aligned that an average 



inclined angle between the discotic plane of the molecule 
and the surface of the transparent stretched film is less than 
5°. 

3. The optical compensatory sheet as defined in claim 2, 
wherein the transparent stretched film has a stretching 
direction essentially parallel to a slow axis in plane of the 
transparent stretched film. 

4. The optical compensatory sheet as denned in claim 2, 
wherein the transparent stretched film has the Re retardation 
value in the range of 10 to 1,000 nm. 

5. The optical compensatory sheet as defined in claim 2, 
wherein the transparent stretched film has the Rth retarda- 
tion value in the range of 10 to 1,000 nm. 

6. The optical compensatory sheet as defined in claim 2, 
wherein the optical compensatory sheet has a Re retardation 
value in the range of 20 to 200 nm. 

7. The optical compensatory sheet as defined in claim 2, 
wherein the optical compensatory sheet has a Rth retardation 
value in the range of 70 to 500 nm. 

8. The optical compensatory sheet as defined in claim 2, 
wherein the transparent stretched film has a layered structure 
consisting of 2 to 10 layers. 

9. An ellipsoidal polarizing plate comprising two trans- 
parent protective films and a polarizing membrane provided 
between the transparent protective films, wherein one of the 
transparent protective films is an optical compensatory sheet 
comprising an optically uniaxial or optically biaxial trans- 
parent stretched film and an optically anisotropic layer 
formed from discotic liquid crystal molecules, a Re retar- 
dation value in plane of the transparent stretched film 
measured at 550 nm fluctuates, in any direction parallel to 
the transparent stretched film surface, within the range of ±5 
nm based on an average Re value in each direction, a Rth 
retardation value along the thickness direction of the trans- 
parent stretched film fluctuates, in any direction parallel to 
the transparent stretched film surface, within the range of 
±10 nm based on an average Rth value in each direction, and 
the discotic liquid crystal molecules are so aligned that an 
average inclined angle between the discotic plane of the 
molecule and the surface of the transparent stretched film is 
less than 5°. 

10. A liquid crystal display comprising two polarizing 
plates and a liquid crystal cell of VA mode provided between 
the plates, said polarizing plate comprising two transparent 
protective films and a polarizing membrane provided 
between the transparent protective films, wherein at least 
one of the transparent protective films placed between the 
liquid crystal cell and the polarizing plates is an optical 
compensatory sheet comprising an optically uniaxial or 
optically biaxial transparent stretched film and an optically 
anisotropic layer formed from discotic liquid crystal 
molecules, a Re retardation value in plane of the transparent 
stretched film measured at 550 nm fluctuates, in any direc- 
tion parallel to the transparent stretched film surface, within 
the range of ±5 nm based on an average Re value in each 
direction, a Rth retardation value along the thickness direc- 
tion of the transparent stretched film fluctuates, in any 
direction parallel to the transparent stretched film surface, 
within the range of ±10 nm based on an average Rth value 
in each direction, and the discotic liquid crystal molecules 
are so aligned that an average inclined angle between the 
discotic plane of the molecule and the surface of the trans- 
parent stretched film is less than 5°. 
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ABSTRACT 



An optical film having a laminate of three birefringent films 
A, B and C, the birefringent film A exhibiting dispersion and 
exhibiting Nz of from 0.4 to 0.6, the birefringent film B 
exhibiting larger dispersion than that of the birefringent film 
A and exhibiting smaller Re that that of the birefringent film 
A and Nz of from 0.4 to 0.6, the birefringent film C 
exhibiting Re of from 200 to 350 nm and exhibiting Nz of 
from 0.6 (not inclusively) to 0.9, the birefringent films A and 
B having slow axes crossing each other perpendicularly 
when Re=(nx-ny)d and Nz=(nx-nz)/(nx-ny) in which nx, 
ny and nz are refractive indices of each birefringent film in 
three-dimensional directions X, Y and Z, and d is the 
thickness of the birefringent film. A polarizer having a 
laminate of an optical film defined above and an absorptive 
type polarizing film, the absorptive type polarizing film 
being laminated on the birefringent film C side of the optical 
film so that an absorption axis of the absorptive type 
polarizing film is parallel to a slow axis of the birefringent 
film C. A liquid- crystal display device or another display 
device having an optical film or polarizer defined above. 

7 Claims, 1 Drawing Sheet 
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OPTICAL FILM, POLARIZER AND DISPLAY 
DEVICE 

The present application is based on Japanese Patent 
Application No. 2001-106561, which is incorporated herein 
by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an optical film in which 
axial displacement of the laminate hardly occurs in spite of 
the change of a view point so that the optical film can be 
preferably used for forming a liquid-crystal display device 
good in display quality, a circularly polarizer or an anti- 
reflection plate. 

2. Description of the Related Art 

If a phase retarder to be disposed between a polarizer and 
a liquid -crystal cell in order to improve display quality of a 
liquid- crystal display device, or a quarter-wave plate used 
for forming a circularly polarizer or an anti- re flection plate 
is formed from one birefringent film, birefingence is dis- 
persed in accordance with the wavelength of light on the 
basis of dispersion peculiar to the material of the retarder or 
quarter-wave plate. As a result, there is a tendency that the 
birefringence increases as the wavelength decreases. For this 
reason, the retardation of the plate varies in accordance with 
the wavelength of light, so that the state of polarization 
cannot change evenly. Under such circumstances, there has 
been a proposal for an optical film having a laminate of two 
birefringent films different in birefringence dispersion 
depending on the wavelength of light so that respective slow 
axes of the two birefringent films cross each other perpen- 
dicularly (Unexamined Japanese Patent Publication No. Hei. 
5-27118 and Unexamined Japanese Patent Publication No. 
Hei. 10-239518). 

The proposal is aimed at controlling birefringence dis- 
persion depending on the wavelength of light by the lami- 
nation of the birefringent films so that the b ire fringe ne 
decreases as the wavelength decreases. That is, the proposal 
is provided for obtaining a uniform compensating effect in 
achieving a uniform change of the state of polarization in a 
wide wavelength range. Although the perpendicularly cross- 
ing relation can be kept so as to fulfill the required effect 
when observed on an optical axis, the perpendicularly cross- 
ing relation is corrupted because of the change of the 
apparent axial angle when observed from an oblique direc- 
tion at an azimuth displaced from the optical axis. Hence, 
there is a problem that the state of polarization varies 
without fulfillment of the required effect. Even in the case 
where Nz values of the birefringent films are controlled to 
compensate for axial displacement from the polarizer as 
disclosed in the aforementioned JP 5-27118 this measure is 
not effective in compensating for axial displacement of the 
birefringent film laminate itself. 

SUMMARY OF THE INVENTION 

An object of the invention is to develop an optical film in 
which the axial relation between slow axes crossing each 
other perpendicularly can be kept good in spite of the change 
of a view point so that the optical film can be used for 
forming a liquid -crystal display device good in display 
quality, a quarter-wave plate, etc. 

According to the invention, there is provided an optical 
film having a laminate of three birefringent films A, B and 
C, the birefringent film A exhibiting refractive index disper- 



sion in accordance with the wavelength of light and exhib- 
iting Nz of from 0.4 to 0.6, the birefringent film B exhibiting 
larger refractive index dispersion in accordance with the 
wavelength of light than that of the birefringent film A and 

5 exhibiting smaller Re that that of the birefringent film A and 
NZ of from 0.4 to 0.6, the birefringent film C exhibiting Re 
of from 200 to 350 nm and exhibiting Nz of from 0.6 (not 
inclusively) to 0.9, the birefringent films A and B having 
slow axes crossing each other perpendicularly when Re= 

lQ (nx-ny)d and Nz=(nx-nz)/(nx-ny) in which nz is a refrac- 
tive index of each birefringent film in a direction of a Z axis 
expressing a direction of the thickness of the birefringent 
film, nx is a refractive index of the birefringent film in a 
direction of an X axis expressing a direction of the maxi- 
mum refractive index of the birefringent film in a plane 

15 perpendicular to the Z axis, ny is a refractive index of the 
birefringent film in a direction of a Y axis expressing a 
direction perpendicular both to the X axis and to the Z axis, 
and d is the thickness of the birefringent film. There is also 
provided a liquid -crystal display device having a liquid- 

20 crystal cell, and at least one optical film defined above and 
disposed on at least one surface of the liquid-crystal cell. 

According to the invention, there is further provided a 
polarizer having a laminate of an optical film defined above 
and an absorptive type polarizing film, the absorptive type 

25 polarizing film being laminated on the birefringent film C 
side of the optical film so that an absorption axis of the 
absorptive type polarizing film is parallel to a slow axis of 
the birefringent film C in the condition that the birefringent 
film C is located in an outer side of the optical film. There 

30 is further provided a liquid-crystal display device having a 
liquid-crystal cell, and at least one polarizer defined above 
and disposed on at least one surface of the liquid- crystal cell 
so that the absorptive type polarizing film of the polarizer is 
located in an outer side. There is further provided a display 
device having a polarizer defined above, wherein: an 

35 in-plane retardation of the laminate of the birefringent films 
A and B is in a range of from 80 to 400 nm; and the polarizer 
is disposed on an outermost surface so that the absorptive 
type polarizing film of the polarizer is located in an outer 
side. 

40 According to the invention, in addition to the character- 
istic that the retardation due to birefringence hardly changes 
on an optical axis can be retained by the combination of the 
birefringent films A and B and the arrangement relation 
between the birefringent films A and B, the perpendicularly 

45 crossing relation between optical axes can be retained accu- 
rately even in the case where the view point is changed 
within 360 degrees. It is accordingly possible to obtain an 
optical film which can fulfill a homogeneous compensating 
effect even in the case where the optical film is observed at 

50 any azimuth and in which the birefringent film C can 
compensate for axial displacement from the polarizing film 
in an obliquely viewing direction to thereby prevent the 
optical axis of the optical film from changing. As a result, the 
optical film can be used for forming a liquid-crystal display 
device good in display quality. Moreover, such an optical 

55 film functioning as a quarter-wave plate can be used in 
combination with an absorptive type polarizing film for 
obtaining a circularly polarizer or an anti-reflection plate in 
which the uniform change of the state of polarization in a 
wide wavelength range can be achieved to obtain a uniform 

60 compensating effect even in the case where observation is 
made at any azimuth. The circularly polarizer or the anti- 
reflection plate can be used for obtaining various kinds of 
display devices good in display quality. 

Features and advantages of the invention will be evident 

65 from the following detailed description of the preferred 
embodiments described in conjunction with the attached 
drawings. 
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BRIEF DESCRIPTION OF THE DRAWING 

In the accompanying drawings: 

FIG. 1 shows a sectional view of an example of an optical 
film according to the invention; 

FIG. 2 shows a sectional view of an example of a polarizer 
according to the invention; 

FIG. 3 shows a sectional view of an example of a 
liquid- crystal display device according to the invention; and 

FIG. 4 shows a sectional view of another example of a 
liquid- crystal display device according to the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

As shown in FIG. 1, the optical film 1 according to the 
invention has a laminate of three birefringent films A, B and 
C, the birefringent film A exhibiting refractive index disper- 
sion in accordance with the wavelength of light and exhib- 
iting Nz of from 0.4 to 0.6, the birefringent film B exhibiting 
larger refractive index dispersion in accordance with the 
wavelength of light than that of the birefringent film A and 
exhibiting smaller Re that that of the birefringent film A and 
Nz of from 0.4 to 0.6, the birefringent film C exhibiting Re 
of from 200 to 350 nm and exhibiting Nz of from 0.6 (not 
inclusively) to 0.9, the birefringent films A and B having 
slow axes crossing each other perpendicularly when Re= 
(nx-ny)d and Nz=(nx-nz)/(nx-ny) in which nz is a refrac- 
tive index of each birefringent film in a direction of a Z axis 
expressing a direction of the thickness of the birefringent 
film, nx is a refractive index of the birefringent film in a 
direction of an X axis expressing a direction of the maxi- 
mum refractive index of the birefringent film in a plane 
perpendicular to the Z axis, ny is a refractive index of the 
birefringent film in a direction of a Y axis expressing a 
direction perpendicular both to the X axis and to the Z axis, 
and d is the thickness of the birefringent film. Hereupon, 
"refractive index dispersion in accordance with the wave- 
length of light" is equivalent to a slope of the graph showing 
a relationship between the wavelength of the light and the 
refractive index. 

The optical film can be formed by lamination of the 
birefringent films A, B and C. In this case, a birefringent film 
exhibiting refractive index dispersion in accordance with the 
wavelength of light and exhibiting Nz of from 0.4 to 0.6 is 
preferably used as the birefringent film A (first birefringent 
film). A birefringent film exhibiting larger refractive index 
dispersion in accordance with the wavelength of light than 
that of the birefringent film A and exhibiting smaller Re than 
that of the birefringent film A and Nz of from 0.4 to 0.6 is 
preferably used as the birefringent film B (second birefrin- 
gent film). A birefringent film exhibiting Re of from 200 to 
350 nm and Nz of from 0.6 (not inclusively) to 0.9 is 
preferably used as the birefringent film C (third birefringent 
film). 

Incidentally, in the description, Nz and Re are defined as 
Nz=(nx-nz)/(nx-ny) and Re=(nx-ny)d in which nz is a 
refractive index of each birefringent film in a direction of a 
Z axis expressing a direction of the thickness of the bire- 
fringent film, nx is a refractive index of the birefringent film 
in a direction of an X axis expressing a direction of the 
maximum refractive index of the birefringent film in a plane 
perpendicular to the Z axis, ny is a refractive index of the 
birefringent film in a direction of a Y axis expressing a 
direction perpendicular both to the X axis and to the Z axis, 
and d is the thickness of the birefringent film. This definition 
applies hereunder. 
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Accordingly, the birefringent films A, B and C can be used 
in such combination that the birefringent films A, B and C 
are different from one another in at least one of character- 
istics such as refractive index dispersion dependent on the 

5 wavelength of light, Re and Nz. In this case, birefringent 
films different in at least one of constituent material, refrac- 
tive index dispersion dependent on the wavelength of light, 
birefringence dispersion dependent on the wavelength of 
light, Re and Nz can be regarded as different kinds of 

10 birefringent films. Hence, the birefringent films A, B and C 
may be made from one material. Each of the birefringent 
films A, B and C maybe of a single -layer structure or of a 
multilayer structure constituted by a laminate of a plurality 
of retardation films in order to control these characteristics. 

15 In this case, the retardation films to be laminated on one 
another may be constituted by one kind of material or may 
be constituted by different kinds of materials respectively. 
The respective birefringent films, especially the birefringent 
films A and B, may be laminated by a method in which at 

20 least two retardation films constituting one birefringent film 
A (or B) and, for example, another birefringent film B (or A) 
or at least two retardation films constituting the other 
birefringent film B (or A) are disposed alternately. That is, 
at least two retardation films constituting one birefringent 

25 film need not be laminated adjacently. 

A suitable film can be used as each of films constituting 
the birefringent film without any particular limitation. 
Examples of the suitable film include: a film of a polymer 
such as polycarbonate, polypropylene, polyester, polyvinyl 

30 alcohol, polymethyl methacrylate, polyether-sulfone, poly- 
allylate or polyimide; and a film composed of an isotropic 
base material coated with an inorganic or liquid-crystal 
material. Especially, a film excellent in transparency (light 
transmittance) is preferred. The birefringent film made of a 

35 polymer film may be obtained as a drawn film subjected to 
a suitable drawing process such as a uniaxial process or a 
biaxial process. 

The birefringent films A and B satisfying the condition of 
dispersion dependent on the wavelength of light are lami- 

40 nated on each other so that slow axes of the birefringent 
films A and B cross each other perpendicularly. As a result, 
it is possible to obtain an optical film in which optical axes 
of the birefringent films do not change from predetermined 
directions in spite of observation at any azimuth, that is, the 

45 optical axes of the birefringent films always cross each other 
perpendicularly regardless of the direction of observation, so 
that there is no axial change from a predetermined angle. In 
this case, when the birefringent film B having smaller Re 
than that of the birefringent film A is used, an optical film 

50 exhibiting suppressed refractive index dispersion in accor- 
dance with the wavelength of light can be produced. 

Each of the birefringent films A and B preferably used 
from the point of view of achieving the characteristic highly 
accurately satisfies Nz of from 0.45 to 0.55. The in -plane 

55 retardation based on the birefringent films A and B (Re based 
on both A and B) is not particularly limited, but is, generally, 
preferably in a range of from 80 to 400 nm, more preferably 
in a range of from 100 to 350 nm, further preferably in a 
range of from 120 to 300 nm, from the point of view of the 

60 characteristic. Incidentally, the perpendicularly crossing 
relation between the slow axes of the birefringent films A 
and B is preferably set so that the slow axes are as perpen- 
dicular to each other as possible though axial displacement 
caused by operating error can be allowed. When there is 

65 variation in the direction of the slow axis of each film, the 
slow axis can be determined on the basis of the averaged 
direction of the slow axis. 
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On the other hand, from the point of view of high-degree 
compensation, a birefringent film having Re of from 220 to 
330 nm, especially from 250 to 300 nm and Nz of from 0.7 
to 0.8 can be preferably used as the birefringent film C used 
to compensate for axial displacement from the polarizing 5 
film in an obliquely viewing direction to thereby obtain an 
optical film free from the change of optical axes in use as a 
polarizer. The sequence of lamination of the birefringent 
films A, B and C is not particularly limited. From the point 
of view of stabilizing the compensating effect, it is prefer- lQ 
able that the optical film has a laminate structure in which 
the birefringent film C is located in the outer side. In this 
case, the birefringent film C may be disposed on the bire- 
fringent film Aside or on the birefringent film B side. 

The value of Nz can be controlled by a method of 
changing the refractive index of the film in the direction of 15 
the thickness. An example of the method is a method having 
the steps of: curing a film of a polymer such as polycarbon- 
ate exhibiting positive birefringence on the basis of appear- 
ance of a slow axis in a direction of orientation of molecules 
while adjusting the state of orientation by applying an 20 
electric field to the polymer in a direction of the thickness of 
the film; and drawing the film. The value of Re can be 
controlled by a method of, for example, changing the 
constituent material, the film-drawing condition or the film 
thickness. 25 

The birefringent films A, B and C in the optical film may 
be simply stacked on one another. Preferably, the birefrin- 
gent films A, B and C may be laminated so as to be 
adhesively fixed onto one another in order to prevent dis- 
placement of the optical axis. The method of lamination of 30 
the birefringent films A, B and C is not particularly limited. 
For example, a suitable method such as a bonding method 
using an adhesive agent or a tackifier can be used. The kind 
of the adhesive agent is not particularly limited too. From 
the point of view of preventing the change of optical 35 
characteristic of each birefringent film, an adhesive agent 
not requiring any high-temperature process for curing and 
drying is preferred and an adhesive agent not requiring any 
long-time curing and long-time drying is preferred. 

The method preferably used in the case where the bire- 40 
fringent films A and B are laminated so that their slow axes 
cross each other perpendicularly is a method using lyotropic 
liquid crystal and particularly a method using lyotropic 
liquid crystal for forming the birefringent film B. 
Incidentally, for laminating the birefringent films A and B 45 
constituted by drawn films respectively while making their 
slow axes cross each other perpendicularly, it is necessary to 
cut and align the drawn films accurately to thereby result in 
troublesome work due to a batch process. On the other hand, 
lyotropic liquid crystal exhibiting alignment characteristic 50 
through shear force has such characteristic that its slow axis 
appears in a direction perpendicular to the direction of 
application of the lyotropic liquid crystal. When, for 
example, lyotropic liquid crystal is applied along the draw- 
ing axis of the birefringent film A, slow axes of the bire- 55 
fringent films A and B crossing each other perpendicularly 
can be formed easily. Hence, the use of lyotropic liquid 
crystal can simplify the laminating work and is excellent in 
production efficiency. Further, a coating method is also 
advantageous in reduction of the thickness because it is 60 
unnecessary to provide any adhesive agent separately when 
the coating method is used for adhesive lamination. In 
addition, a suitable lyotropic liquid crystal material exhib- 
iting the alignment characteristic through shear force can be 
used for the lyotropic liquid crystal. 65 

The optical film can be used for various purposes in 
accordance with its retardation characteristic in the same 
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manner as the related- art phase retarder or wave plate. 
Examples of the purposes include compensation for the 
retardation due to birefringence of liquid crystal, formation 
of a circularly polarizer or an anti-reflection plate, and 
rotation of the azimuth (plane of vibration) of linearly 
polarized light. In this case, the optical film 1 may be 
laminated on an absorptive type polarizing film 3 to put a 
resulting polarizer 2 into practical use as shown in FIG. 2. 
The polarizer can reduce the change of polarizing charac- 
teristic due to the viewing angle and the wavelength of light, 
so that the polarizer can be preferably used for forming a 
liquid-crystal display device exhibiting good display quality 
at a wide viewing angle in all azimuths. In addition, the 
polarizer can be preferably used as an anti- re flection plate 
little in change of characteristic in accordance with the 
wavelength of light. 

The polarizer 2 can be obtained as a laminate of the 
optical film 1 and an absorptive type polarizing film 3 
disposed on the birefringent film C side of the optical film 
1 so that the absorption axis of the absorptive type polarizing 
film 3 is parallel to the slow axis of the birefringent film C 
in the condition that the birefringent film C is located in the 
outer side of the optical film 1. A suitable material can be 
used as the absorptive type polarizing film without any 
particular limitation. Examples of the material generally 
used include: a film formed by adsorbing iodine or a 
dichromatic substance such as dichromatic dye onto a 
hydrophilic polymer film such as a polyvinyl alcohol film 
and drawing the hydrophilic polymer film; and a polyene- 
oriented film obtained by processing a film of a polymer 
such as polyvinyl chloride. The absorptive type polarizing 
film maybe provided with one transparent protective layer 
made of a triacetyl cellulose film or the like and disposed on 
one or each of opposite surfaces of the absorptive type 
polarizing film. 

Any suitable method can be applied to the lamination of 
the optical film and the absorptive type polarizing film 
without particular limitation. Various kinds of methods 
using adhesive agents as listed above in the description for 
the lamination of the birefringent films A, B and C can be 
applied to the lamination of the optical film and the absorp- 
tive type polarizing film. Incidentally, the optical film may 
be provided so that it serves also as a transparent protective 
layer in the absorptive type polarizing film. A resin coating 
layer, an anti-reflection layer, an anti-glare layer or the like 
may be provided on one or each of opposite surfaces of the 
polarizer for the purpose of protection such as water resis- 
tance as occasion demands. The parallel relation between the 
slow axis of the birefringent film C and the absorption axis 
of the polarizing film is preferably set so that these axes are 
as parallel to each other as possible though axial displace- 
ment caused by operating error can be allowed. When there 
is variation in the direction of the slow axis or the absorption 
axis, the slow axis or the absorption axis can be determined 
on the basis of the averaged direction thereof. 

The optical film or the polarizer made of a laminate of the 
optical film and an absorptive type polarizing film can be 
used for various kinds of purposes in accordance with the 
retardation characteristic of the optical film. For example, 
the optical film or the polarizer may be used for forming a 
liquid-crystal display device. Incidentally, in a display 
device using reflective TN liquid crystal, there is the case 
where circularly polarized light may be made incident on the 
liquid-crystal cell for the purpose of improving display 
quality. In this case, the polarizer according to the invention 
can be disposed as a circularly polarizer to achieve good 
display quality free from coloring in a black display state. In 
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addition, the polarizer can be used to compensate for the 
retardation due to the liquid-crystal cell to thereby improve 
display quality such as widening of the viewing angle. 

The optical film preferably used for forming a circularly 
polarizer is an optical film exhibiting an in-plane retardation 5 
of a laminate of the birefringent films A and B ranging from 
90 to 350 nm, especially from 100 to 300 nm. The optical 
film preferably used from the point of view of controlling the 
state of polarization of light transmitted through the polar- 
izer is an optical film in which the optical axis of the 10 
laminate of the birefringent films A and B crosses the slow 
axis of the birefringent film C at a crossing angle ranging 
from 10 to 80 degrees, especially from 30 to 60 degrees, 
further especially from 40 to 50 degrees. 

A liquid-crystal display device 4 can be formed by 15 
arrangement of the optical film 1 or polarizer 2 on one or 
each of opposite surfaces of a liquid-crystal cell 5 as shown 
in FIGS. 3 and 4. In this case, the optical film 1 is preferably 
disposed between the absorptive type polarizing film 3 and 
the liquid -crystal cell 5 in order to obtain a liquid-crystal 20 
display device 4 good in display quality and wide in viewing 
angle. Therefore, the polarizer is preferably disposed so that 
the absorptive type polarizing film of the polarizer is located 
in the outer side. The liquid-crystal cell used is optional. For 
example, a suitable liquid-crystal cell such as a TN type 25 
liquid- crystal cell, an STN type liquid-crystal cell or a VA 
type liquid-crystal cell may be used. Any suitable type 
liquid- crystal display device such as a transmissive liquid- 
crystal device, a reflective liquid-crystal device or an exter- 
nal light -illumination double type liquid-crystal device may 30 
be used as the liquid-crystal device. When the liquid-crystal 
display device is formed, the optical film or polarizer may be 
laminated on any suitable optical component such as a phase 
retarder or a light-diffusing plate which can be used for 
forming the liquid -crystal display device. 

The polarizer provided as a circularly polarizer can be 
used as an anti-reflection plate. In this case, the polarizer can 
exhibit an ti -reflection characteristic in a wide wavelength 
range to thereby obtain good characteristic free from color- 4Q 
ing due to reflected light. The anti-reflection characteristic 
can be fulfilled when the polarizer is disposed on the 
outermost surface so that the absorptive type polarizing film 
of the polarizer is located in the outer side. Hence, various 
kinds of display devices can be formed. The display device 45 
is not particularly limited. For example, various kinds of 
devices in accordance with the related-art display device 
provided with an anti-reflection film can be formed. 

EXAMPLE 1 

50 

A birefringent film Al made of a drawn film of 
polynorbornene, exhibiting refractive index dispersion in 
accordance with the wavelength of light and having Re of 
300 nm and Nz of 0.5 and a birefringent film Bl made of a 
drawn film of polycarbonate, exhibiting larger refractive 55 
index dispersion in accordance with the wavelength of light 
than the refractive index dispersion of the birefringent film 
Al and having Re of 160 nm and Nz of 0.5 were adhesively 
laminated on each other through a tackifier so that respective 
slow axes of the two birefringent films Al and Bl crossed 60 
each other at 90 degrees. Thus, a laminate exhibiting an 
in-plane retardation of 140 nm was obtained. A birefringent 
film CI made of a drawn film of polycarbonate, exhibiting 
refractive index dispersion in accordance with the wave- 
length of light and having Re of 260 nm and Nz of 0.75 was 65 
adhesively laminated on the birefringent film Bl of the 
laminate through a tackifier so that a slow axis of the 
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birefringent film CI crossed the slow axis of the laminate at 
45 degrees. Thus, an optical film was obtained. 

Then, an absorptive type polarizing film constituted by a 
uniaxially drawn film of iodine-adsorbed polyvinyl alcohol 
and a transparent protective layer of a triacetyl cellulose film 
provided on one surface of the uniaxially drawn film was 
adhesively laminated on the optical film through a tackifier 
while a surface of the absorptive type polarizing film oppo- 
site to the transparent protective layer was disposed on the 
birefringent film CI so that the absorption axis of the 
absorptive type polarizing film was parallel to the slow axis 
of the birefringent film CI. Thus, a circularly polarizer was 
obtained. 

Comparative Example 1 

A circularly polarizer was obtained in the same manner as 
in Example 1 except that a laminate of the birefringent films 
Al and Bl was used, that is, a laminate having no birefrin- 
gent film C was used as the optical film. 

Evaluation Test 1 

The state of polarization of light transmitted through the 
absorptive type polarizing film in the circularly polarizer 
obtained in each of Example 1 and Comparative Example 1 
was measured in a visible light range, so that Stokes 
parameters standardized on the basis of an SO component 
regarded as 1 were obtained from the obtained values. As a 
result, it was found that the absolute value of an S3 com- 
ponent in Example 1 was in a range of from 0.94 to 1.0 either 
in a normal direction and in an obliquely viewing direction 
(in a direction of 70 degrees from the normal direction and 
at an azimuth of 45 degrees from the absorption axis of the 
absorptive type polarizing film) In Comparative Example 1, 
the absolute value of the S3 component was in a range of 
from 0.94 to 1.0 in the normal direction but in a range of 
from 0.88 to 0.97 in the obliquely viewing direction. That is, 
in Comparative Example 1, the quantity of the elliptically 
polarized light component was large. 

EXAMPLE 2 

A birefringent film A2 made of a drawn film of 
polynorbornene, exhibiting refractive index dispersion in 
accordance with the wavelength of light and having Re of 
400 nm and Nz of 0.5, and a birefringent film B2 made of 
a drawn film of polycarbonate, exhibiting larger refractive 
index dispersion in accordance with the wavelength of light 
than the refractive index dispersion of the birefringent film 
A2 and having Re of 125 nm and Nz of 0.5 were adhesively 
laminated on each other through a tackifier so that respective 
slow axes of the two birefringent films A2 and B2 crossed 
each other at 90 degrees. Thus, a laminate exhibiting an 
in-plane retardation of 275 nm was obtained. A birefringent 
film CI was adhesively laminated on the birefringent film 
B2 of the laminate in the same manner as in Example 1. 
Thus, an optical film function in gas a polarized light 
rotating film was obtained. 

Comparative Example 2 

An optical film functioning as a polarized light rotating 
film was obtained in the same manner as in Example 2 
except that a laminate of the birefringent films A2 and B2 
was used, that is, a laminate having no birefringent film CI 
was used as the optical film. 

Evaluation Test 2 

The state of polarization of light emerging from the 
optical film obtained in each of Example 2 and Comparative 
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Example 2 was observed with respect to linearly polarized 
light to be rotated in the condition that the optical film in 
Example 2 was disposed so that linearly polarized light was 
parallel to the slow axis of the birefringent film CI whereas 
the optical film in Comparative Example 2 was disposed so 5 
that the optical axis of the optical film crossed the direction 
of polarization of light at 45 degrees. As a result, in Example 
2, linearly polarized light was obtained so that the plane of 
vibration was rotated by about 90 degrees in spite of 
observation in any direction. In Comparative Example 2, 10 
however, the rotation angle of the plane of vibration varied 
in accordance with the direction of observation, so that a 
displacement of about 15 degrees from the target rotation 
angle of the plane of vibration occurred in an obliquely 
viewing direction of 70 degrees from the normal direction 15 
and at an azimuth of 45 degrees from the incident linearly 
polarized light. 

Although the invention has been described in its preferred 
form with a certain degree of particularity, it is understood 
that the present disclosure of the preferred form can be 20 
changed in the details of construction and in the combination 
and arrangement of parts without departing from the spirit 
and the scope of the invention as hereinafter claimed. 

What is claimed is: 

1. An optical film comprising a laminate of first, second 25 
and third birefringent films, said first birefringent film exhib- 
iting refractive index dispersion in accordance with a wave- 
length of light and exhibiting Nz of from 0.4 to 0.6, said 
second birefringent film exhibiting larger refractive index 
dispersion in accordance with the wavelength of light than 30 
that of said first birefringent film and exhibiting smaller Re 
than that of said first birefringent film and Nz of from 0.4 to 
0.6, said third birefringent film exhibiting Re of from 200 to 
350 nm and exhibiting Nz of from 0.6, not inclusively, to 
0.9, said first and second birefringent films having slow axes 35 
crossing each other perpendicularly when Re=(nx-ny) d and 
Nz=(nx-nz)/(nx-ny) in which nz is a refractive index of 
each birefringent film in a direction of a Z axis expressing 
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a direction of a thickness of said birefringent film, nx is a 
refractive index of said birefringent film in a direction of an 
X axis expressing a direction of a maximum refractive index 
of said birefringent film in a plane perpendicular to said Z 
axis, ny is a refractive index of said birefringent film in a 
direction of a Y axis expressing a direction perpendicular 
both to said X axis and to said Z axis, and d is the thickness 
of said birefringent film. 

2. A liquid-crystal display device comprising a liquid- 
crystal cell, and at least one optical film according to claim 
1 and disposed on at least one surface of said liquid-crystal 
cell. 

3. A polarizer comprising a laminate of an optical film 
according to claim 1 and an absorptive type polarizing film, 
said absorptive type polarizing film being laminated on said 
third birefringent film side of said optical film so that an 
absorption axis of said absorptive type polarizing film is 
parallel to a slow axis of said third birefringent film in the 
condition that said third birefringent film is located in an 
outer side of said optical film. 

4. A polarizer according to claim 3, wherein an optical 
axis of a laminate of said first and second birefringent films 
crosses said slow axis of said third birefringent film at a 
crossing angle in a range of from 10 to 80 degrees. 

5. A polarizer according to claim 4, wherein an in -plane 
retardation of said laminate of said first and second bire- 
fringent films is in a range of from 80 to 400 nm. 

6. A display device comprising a polarizer according to 
claim 5 and disposed on an outermost surface so that an 
absorptive type polarizing film of said polarizer is located in 
an outer side. 

7. A liquid-crystal display device comprising a liquid- 
crystal cell, and at least one polarizer according to claim 3 
and disposed on at least one surface of said liquid-crystal 
cell so that an absorptive type polarizing film of said 
polarizer is located in an outer side. 



